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ABSTRACT
The mechanical behavior of silicon oxycarbide polymer derived ceramics (SiOC-PDC)
without and with a graphene toughening phase was studied under uniaxial compressive load with
zero dwell time and with 200 second dwell time step loading in combination with in-situ Raman
spectroscopy to determine spectral vibrational response of SiOC under compressive stress. SiOC
without and with graphene ceramic samples were produced through the replica templating
technique. The compressive strengths of SiOC without and with a graphene toughening phase
measured with zero dwell time was determined to be equal to 165.65 ± 54.21 and 163 ± 24.2 MPa,
respectively, while compressive strengths of the selected ceramics measured with 200 second
dwell time step loading was determined to be equal to 228.97 and 186.42 MPa, respectively.
Weibull analysis of 27 pure SiOC ceramic samples and 31 SiOC-graphene ceramic composite
samples tested with zero dwell time was performed to calculate their probability of failure. Weibull
parameters, such as Weibull modulus and characteristic strength, were determined to be equal to
m = 3.46 and 𝜎0 = 190.41 MPa for pure SiOC ceramics and m = 7.71 and 𝜎0 = 178.73 MPa for
SiOC with graphene ceramic composite. In-situ Raman spectroscopy was performed during
compression of SiOC without and with a graphene toughening phase dwelled for 200 seconds
during step loading, which allowed the collection of Raman spectra of graphitic carbon
nanodomains in SiOC at different applied compressive stresses. The properties of the D and G
bands of the graphitic nanodomains in SiOC, such as peak intensity, peak area, peak position and
FWHM, were analyzed as a function of applied compressive stress. Piezospectroscopic
coefficients were then calculated to be equal to 10.994 and -10.269 cm-1/GPa for the G band and
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31.538 and 6.341 cm-1/GPa for the D band of pure SiOC and SiOC with a graphene toughening
phase, respectively.
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CHAPTER 1: INTRODUCTION
Silicon oxycarbide polymer derived ceramic is a promising material for a variety of
industries due to its unique thermal [1, 2], mechanical [3, 4], and electrical [5, 6] properties in
addition to an exceptional stability at high temperatures in harsh environments [7]. In recent years,
piezoresistive effects in SiOC ceramics have been reported [8, 9], with gauge factors as high as
145 at temperatures up to 1400°C [8]. The values of SiOC electronic conductivity ranges from
insulating to semiconducting [6, 10], with this variance in electrical conductivity attributed to the
total degree of ordering of the segregated carbon phase within the overall SiOC matrix [11].
Despite the promising future of this material, for many ceramic composites such as SiOC there
have been few studies on how stress transfer mechanisms as well as details on how piezoresistivity
occurs within these ceramics. The main goal of this work is to contribute towards filling this gap
in knowledge by studying the mechanical behavior of SiOC PDC without and with the addition of
a graphene toughening phase under compression, and to determine the materials
piezospectroscopic coefficients, providing insight into whether or not the spectral vibrational
response of these ceramics is stress sensitive.
Silicon oxycarbide polymer derived ceramics without and with graphene were produced
through the replica templating method in this study. SiOC without graphene was produced using
a preshaped poly(vinyl alcohol) (PVA) foam template, which was infiltrated with a liquid SiOC
preceramic polymer in order to produce SiOC/PVA green bodies, which were then cured and
pyrolyzed. SiOC with graphene was produced through the same procedure, but the preshaped PVA
foam was immersed into a graphene oxide – ethanol dispersion before the infiltration of the liquid
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SiOC preceramic polymer to produce SiOC/GO/PVA green bodies. Produced SiOC PDC were
machined after pyrolysis into 2mm x 2mm x 4mm samples for uniaxial compression and in-situ
Raman spectroscopy testing. Uniaxial compressive tests were performed for SiOC without and
with graphene utilizing zero dwell time and 200s dwell times at 12.5 MPa steps in order to analyze
the time dependent mechanical behavior of the samples and provide enough time to perform insitu Raman spectroscopy. Compressive strengths of SiOC without and with graphene were
determined, and Weibull statistical analysis was performed in order to determine the probability
of failure through parameters such as Weibull modulus (m) and characteristic strength (𝜎0).
Raman spectra of SiOC without and with graphene were collected while selected samples
were dwelled for 200s at 12.5 MPa steps until fracture occurred. Collected Raman spectra were
analyzed through curve fitting procedures to determine Raman peak parameters, where the Raman
spectrum of SiOC was defined by the graphitic carbon nanodomains within the overall SiOC
matrix and was characterized primarily by intense D and G peaks. Peak parameters, such as peak
position, peak area, peak intensity, and FWHM were analyzed as a function of applied compressive
loading in order to determine if these peak parameters displayed a stress dependence in SiOC
without and with graphene. In addition, piezospectroscopic coefficients were calculated for SiOC
without and with graphene to characterize the stress sensitivity of the peak positions of the
recorded Raman spectra.
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CHAPTER 2: LITERATURE REVIEW
Many technical ceramics such as borides, nitrides, carbides and oxides have multiple
applications in everyday life and in industry. Yttria-stabilized zirconia (YZP) [12] are commonly
used as cutting knives, while lanthanum cobaltite (LaCoO3) [13] has found applications as
electrocatalysts in conversion reactions for chemical synthesis, doped cerium dioxide (CeO2) [14]
has found applications as a fast ionic conductor in fuel cells, lithium cobalt oxide (LiCoO2) [15] is
a major component of lithium-ion batteries, boron carbide (B4C) [16] has found applications in
protective shielding materials due to its high hardness and chemical resistance, silicon nitride
(Si3N4) [17] is implemented in automotive engines and gas turbines due to its high strength and
fracture toughness at high temperatures, while silicon carbide (SiC) [18] is used in high
performance ceramic break discs and lightning arresters to protect electrical transformers.
Ceramics can be processed using a variety of different approaches, such as pressureless sintering,
hot pressing, injection moulding, or spark plasma sintering among many others [19-23]. One
unique approach of processing ceramics is the pyrolysis of preceramic polymers to produce a
polymer derived ceramic, where solid bulk ceramic samples can be simply processed from a soft
or liquid polymer precursor [7]. Polymer derived ceramic (PDC) processing has many advantages,
such as the ability to produce otherwise difficult to machine ceramic shapes and the ability to
implement a variety of shaping and processing methods [7, 21]. Silicon oxycarbide (Si-O-C) is
one unique polymer derived ceramic material with varied structure and properties, which depend
on the processing route implemented [7, 24]. PDC processing also allows for the simple addition
of filler materials to further enhance properties of silicon oxycarbide, with fillers such as graphene
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significantly improving material properties, such as electrical conductivity, to allow the
implementation of SiOC PDC in state-of-the-art systems and engineering techniques [7, 25].
2.1 Si-O-C Polymer Derived Ceramics
Silicon-based polymer derived ceramics (PDC) have been produced through pyrolysis of
precursor polymeric material for more than 60 years [7, 26]. The properties of the resulting
ceramic can be developed through manipulation of the preceramic polymer chemistry, atomic
networking, and pyrolysis process implemented [7, 24, 27]. Processing of SiOC PDC can be
broken down into three fundamental steps, shaping, curing, and pyrolysis. There are a large variety
of available processing methods, all of which will heavily influence the structure and properties of
the final PDC product. For example, the replica templating method allows for the production of a
bulk silicon oxycarbide ceramic with limited porosity and a homogeneous structure [7, 28].
Silicon oxycarbide ceramics have a complex microstructure, composed of silicon atoms
tetrahedrally bonded with oxygen and carbon atoms. The carbon atoms of this tetrahedral structure
have two possible hybridization bonds [27], sp2-hybridized carbon (free carbon), and sp3hybridized carbon (carbidic carbon), the total degree of each heavily influencing material
properties of the final ceramic product. The unique customizable microstructure of SiOC PDC
leads to a variety of possible material properties, such as an electronic conductivity that ranges
between semiconducting and insulating [6, 10], high piezoresistivity [8, 9], and significant
variation in mechanical properties such as Young’s modulus [29], hardness [30], and bending
strengths [31]. A detailed description of the processing, structure, and properties of PDC silicon
oxycarbide ceramics are provided in the following paragraphs below.
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2.1.1 Processing of Si-O-C
Silicon based polymer derived ceramics are a broad class of ceramics primarily produced
through the pyrolysis of polymer precursors [7, 32], where pyrolysis is the process referring to the
heating of a carbon-based material in the absence of oxygen. These polymer precursors are
inorganic or organometallic compounds, which provide the developed ceramics with tailored
chemical compositions and defined nanostructural organization through thermal treatment under
a controlled atmosphere performed by curing and thermolysis processes [7]. Two common
polymeric precursors utilized to produce silicon PDC are oligosilazanes and polysiloxanes [7, 10,
24, 28, 32-34]. Silicon oxycarbide ceramics are typically derived from polysiloxanes and they are
carbon-rich [7, 10], where carbon-rich is defined as a material with a carbon content greater than
20 wt% [7]. The processing of polymer derived ceramics using polymer precursors can be broken
down into a few fundamental steps, namely shaping, curing, and pyrolysis. In addition to these
three basic steps of shaping, curing, and pyrolysis, the processing of PDC may also involve
machining steps (Figure 1)
The first step of processing of polymer derived ceramics is shaping and it is described
below. Preceramic precursors, which are used for processing of polymer derived ceramics, are
polymeric in nature and can be either liquid or solid at the temperature at which they are shaped
[7]. As a result, a number of forming methods are available, such as tape casting [35], injection
molding [22, 36], or pressing (both cold and warm) [37-39]. It is possible to shape PDC
components in the precursor stage before heat treatment required for their conversion into ceramic
material [40], which allows the processing and shaping of complex structures such as ceramic
fibers, layers, or composite materials [7]. One of the shaping methods of liquid polymeric
5

Figure 1: Monolithic Polymer Derived Ceramic processing steps [Linan An, Nina Orlovskaya,
Unpublished Work]

precursors is replica templating, where the liquid precursor is shaped by infiltration into a porous
polymeric scaffold [7, 41]. Plastic forming technologies, such as resin transfer molding, warm
pressing, fiber drawing, extrusion, and injection molding, can all be applied to preceramic
polymers too [7], allowing the PDC process to produce near-net shape polymer ceramics [21].
The second step, curing process, is primarily designed to further cross-linking of polymer
chains in the shaped polymer precursor and is typically performed by heating at lower temperatures
for an extended period of time. Cross-linking is of specific importance in the processing of silicon
6

oxycarbide, as an increase in cross-linking will result in an increased ceramic yield during
pyrolysis [42]. Curing typically takes place at temperatures in the range of 100 to 200°C [7, 21,
43, 44], but can be performed at higher temperatures for shorter times depending on the desired
material properties [42, 45]. Besides simple heating, curing after shaping can also be achieved by
oxidative curing, γ-radiation curing, or e-beam curing [7].
The final step of processing PDC ceramics is pyrolysis, which takes place at or below
1100°C in an inert atmosphere, resulting in the complete transformation of the silicon-based
polymer precursor into silicon oxycarbide ceramic [42, 46, 47]. In the case of silicon oxycarbide,
Argon gas is typically used as an inert atmosphere during pyrolysis [28, 33, 44]. The temperature
at which pyrolysis is performed will vary depending on the desired properties of the ceramic
produced [32, 48]. Pyrolysis temperature influences essential material properties, such as electrical
and thermal conductivities as well as mechanical properties of the synthesized ceramic. Pyrolysis
temperature also has a significant influence on the percentage of linear shrinkage of PDC ceramics
during synthesis [28].
In the process of converting a polymer precursor to a ceramic, gasses are released during
pyrolysis, causing significant linear isotropic volume shrinkage (20-30%) with porosity formed at
micro and macroscopic levels [7]. As a result, both shrinkage and porosity lead to the presence of
large defects within the ceramic, such as cracks or pores, which degrade the PDC properties
tremendously [7]. To combat these issues, the replica templating method was developed [28, 41].
Replica templating is a simple method to produce crack-free bulk ceramics from preceramic
polymers [41], which includes the infiltration of a sacrificial porous solid template with a liquid
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polymeric precursor preceramic matrix material. The sacrificial template typically has a
homogeneous microstructure and crack free struts [41], which helps to release gasses as to not
form defects within the PDC structure. This infiltration is followed by pyrolysis, typically at
temperatures above 1000°C [41]. In “soft template” replica techniques, the porous template
decomposes at low temperatures, creating a porous sample. Soft template materials such as
synthetic sponges and foams [28, 41, 49], or organic templates such as wood [50, 51] or rice bran
[52] decompose nearly entirely at temperatures between 200°C and 500°C [28, 52]. In “hard
template” replica techniques, the template does not decompose during heat treatment and requires
additional processes to remove it, such as etching or milling [41]. Silica and carbon are commonly
used as hard templates [53]. A schematic presentation of the replica templating technique is shown
in Figure 2.

Figure 2: Schematic illustration of the replica templating technique. [41]
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The replica templating technique yields a bulk ceramic with limited porosity and a lack of
defects, as the scaffolding allows for the release of gasses created through pyrolysis without
pressure build up, preventing cracks from forming [7, 28]. After completed pyrolysis, typically
only a small percentage of template remains inside of PDC ceramics in the form of ash or char.
2.1.2 Structure of Si-O-C
The structure of any silicon oxycarbide material is heavily influenced by the structure of
the preceramic polymer used in its processing. Figure 3 shows a schematic presentation of the
formation of SixCyOz PDC ceramics based on the molecular structure of silicon-based polymer
precursors. The structure of the preceramic polymer influences the number of phases, phase
homogeneity, and microstructure of the final ceramic product [7].

Figure 3: Oversimplified representation of the development of SiOC through the molecular
structure of its precursor [7].
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Silicon oxycarbide PDC are composed of silicon atoms tetrahedrally arranged with oxygen
and carbon atoms with short range order [27, 34, 54-56], where short range order refers to
predictable and regular arrangement of atoms over a short distance, typically their first and second
nearest neighbors, while lacking any consistent long distance arrangement. There is no significant
carbon-oxygen bonding present throughout the Si-O-C structure [34, 56, 57]. The carbon atoms in
this tetrahedral structure have two possible hybridization modes. The first is a sp3 hybridization
for the C-Si bond found in the silicon based ceramic matrix, called carbidic carbon [27]. The
second is a sp2 hybridization for the C-C bond found in the segregated phase, or the free carbon
phase, referred to as graphitic carbon. These sp2 hybridizations make up the bulk of the carbon
bonds, forming turbostratic carbon or graphene sheets. The free carbon section does not take part
in the overall tetrahedral SiOC network, instead forming nanodomains of sp2 bonded carbon as
exemplified in Figure 4 below [34]. When pyrolysis is performed at 1100°C, as shown in Figure
4, the single phase amorphous SiCxOy phase is formed as a result of such heat treatment.
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Figure 4: Schematic example of Si-O-C tetrahedral bonding displaying sp2 and sp3 carbon
bonding [34]

The structure of silicon oxycarbide ceramics is also heavily influenced by the pyrolysis
temperature, with samples prepared below approximately 1250°C characterized by their
amorphous, glass-like structural network (Figure 4) [10, 24, 33, 58]. However, silicon oxycarbide
ceramics pyrolyzed above 1250°C possess microstructure characteristic of glass-ceramics [33, 42,
59-61], where a standard glass-ceramic will have a microstructure consisting of small crystals
surrounded by an amorphous “glassy phase”. In the case of silicon oxycarbide pyrolyzed above
1250°C, these glass ceramics consist of β-SiC nanoparticles and a segregated carbon phase
homogeneously dispersed throughout a vitreous silica matrix [24, 42]. XRD readings from Bois et
al. (Figure 5) [62] substantiate this, showing amorphous characteristics at temperatures lower than
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1300°C, with peaks developing in the 1400°C sample due to the formation of β-SiC crystal
nanodomains. The glassy silica matrix remains amorphous up to 1500°C [10, 63], which is a clear
advantage over pure vitreous silica material, which begins to crystallize above 1200°C [60]. This
increased resistance of SiOC to crystallization is likely due to the segregated carbon phase
hindering crystallization by acting as a diffusion barrier [61, 63] and the presence of residual Si-C
bonds within the glassy matrix hindering nucleation of crystalline phase [63].

Figure 5: XRD patterns of SiOC pyrolyzed at various temperatures. [62]

Silicon oxycarbide PDC also have a complex heterogeneous ordering at the nanoscale [55,
64], forming nanodomains at pyrolysis temperatures as low as 800°C, which persist even at
annealing temperatures exceeding 1500°C [65]. High resolution transmission electron
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micrographs of these nanodomains formed after SiOC pyrolysis at 1200°C is shown in Figure 6.
The composition of these ordered nanodomains is varied depending on the initial preceramic
polymer precursor used for processing of silicon oxycarbide [25]. The basic structural units
(BSUs) of these silicon oxycarbide ordered nanodomains are typically small stacks of 2-3 layers
of polyaromatic excessive carbon with approximately 1nm lateral extension homogeneously
distributed throughout the amorphous glassy matrix (Figure 6, Insert) formed when pyrolyzed
above 800°C [11, 66].

Figure 6: High-resolution transmission electron microscopy (TEM) image of SiCO pyrolyzed at
1200°C (with selected area diffraction insert in top right, indicating amorphous features). Basic
structural unit enhanced in lower right inset [7].
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2.1.3 Thermal and Electrical Properties of Si-O-C
2.1.3.1

Thermal Expansion and Thermal Conductivity of Si-O-C

Silicon oxycarbide glasses expand with a low linear coefficient of thermal expansion
(CTE) of approximately 3.20 × 10-6 °K-1 between 100-1000°C [2, 10, 33, 67]. While the CTE of
SiOC glasses and glass ceramics are low, they are approximately one order of magnitude higher
than that of pure vitreous silica (5.7 × 10-7 K-1) [10, 42, 67]. Unfortunately, a systematic study on
the impact of chemical composition and phase assemblage on the CTE of SiOC materials has not
been performed [42]. Despite this, it is expected that the chemical composition will influence the
CTE, as polycrystalline β-SiC displays higher CTEs, (with a mean CTE in a range between 4.3 ×
10-6 K-1 [68] and 4.9 × 10-6 K-1 [69]) in comparison to vitreous silica [69] (5.5 × 10-7 K-1 [70]) and
thermal expansion is considered an additive property in glasses [71], where an additive property
refers to a linear relation between a specific property and the composition of a glass material.
In amorphous material such as silicon oxycarbide, heat transfer is achieved through a heat
diffusion mechanism [72]. Heat reaches the surface closest to the heat source which is then
transferred to adjacent bulk atoms, slowly diffusing and causing disorderly vibration in atoms.
Heat then disperses through these bulk atoms into adjacent atoms. This process is understood as
the movement of phonons [72, 73]. Heat transport is reduced by any phonon scattering centers
such as general defects or foreign ions within crystal lattices in a material [73]. Glasses and glass
ceramics typically have lower heat transport due to their amorphous, disordered structure, in
comparison with crystalline ceramics [24, 72]. Thermal conductivity of porous and near fully
dense SiOC ceramics displays relatively low values for thermal conductivity (1.5 W/(m·K)),
regardless of processing conditions [2, 25]. Qiu et al. [74] determined a thermal conductivity value
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of roughly 0.041 W·m−1·K to 0.078 W·m−1·K at room temperature. Thermal conductivity values
for SiOC glasses at room temperature have little reported data for comparison [5, 42, 75, 76]. As
the effective size of SiC nanodomains within porous SiOC ceramics is approximately 1 nm, it was
determined that they are too small to influence the thermal conductivity [66]. Instead, it has been
suggested that thermal conductivity scales with density [25]. Gurlo et al. [1] further determined
the temperature-dependent thermal conductivity of SiOC glass ceramic to be almost identical in
behavior to vitreous silica, suggesting that the continuous glassy matrix governs thermal
conductivity in SiOC glass ceramics containing at least 5 – 10 wt% of carbon.
For low porosity SiOC (7% closed) Stabler et al. [2] analyzed the effect of carbon content
on thermal conductivity (Figure 7). As one can see in figure 7, when the total content of segregated
carbon increased, the thermal conductivity of SiOC also increased, because segregated carbon (2.5
W·m−1·K) has a higher thermal conductivity than the amorphous glassy matrix (1.75 W·m−1·K
[77]) [2].
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Figure 7: Thermal conductivity of silicon oxycarbide glasses and glass ceramics. Standard
deviation taken according to thermal diffusivity measurements. C1, C12, C16, and C17 denote
the approximate volume fraction of segregated carbon. 1100 and 1600 denote the pyrolysis
temperature. [2]

2.1.3.2

Electrical Conductivity and Piezoresistivity of Si-O-C

The electrical conductivity of SiOC ceramics is typically quite low and therefore SiOC is
not typically implemented in applications requiring highly conductive materials [6, 10]. The values
of SiOC electronic conductivity ranges from insulating (4.3 × 10-13(Ωcm)-1) to semiconducting
(7.1(Ωcm)-1) [6, 10]. Such large variance is mostly attributed to the content and the degree of
ordering of the segregated carbon phase [11]. Efforts have been made to improve the electrical
conductivity of silicon oxycarbide through two specific processes. First, through the conversion of
sp3 carbidic carbon into conductive sp2 graphitic carbon. Second, through the percolation of sp2
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carbon phases [78-80]. During the initial polymer-ceramic conversion, carbon clusters grow and
coagulate forming a percolation network, typically at temperatures between 800°C and 1400°C
[11]. The percolation threshold is dependent on the total segregated carbon content in the polymer
precursor and the processing method used, specifically the temperature at which the material is
pyrolyzed [11]. For SiOC samples with a lower degree of segregated sp2 carbon, higher pyrolysis
temperatures are required to increase total electrical conductivity. Below the percolation threshold,
electrical conduction takes place via the tunneling of localized electrons between excited states,
known as the David-Mott model [11]. Above the percolation threshold, a percolation network of
polyaromatic, turbostratic carbon provides electronic n-type conduction, as proposed by Cordelair
et al. [11]. However, Kim et al. [79] proposed that SiOC exhibits p-type conduction character as
determined through Hall-effect measurement.
In recent years, piezoresistive effects in SiOC ceramics have been reported [8, 9].
Piezoresistivity is defined as a change in electrical resistance of a material when a compressive or
tensile stress is applied. Riedel et al. [8] prepared a SiOC ceramic using a commercial polysiloxane,
poly(methylsilsesquioxane), synthesized at 1400°C, which exhibited high piezoresistivity (Figure
8). Samples with lower pyrolysis temperatures in the range of 1000° - 1300°C did not show any
piezoresistive effect. To determine the piezoresistive properties of SiOC, gauge factor was
measured for samples sintered at various temperatures [8], where gauge factor refers to the ratio
of a change in electrical resistance to a change in length under an applied force, or strain. It was
found that the observed piezoresistive behavior of SiOC was dependent on the percolated network
of sp2-hybridized turbostratic carbon [8]. Gauge factor measurements of the ceramic samples
pyrolyzed between 1100°-1300°C could not be determined due to high Ohmic resistances,
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(100,000 kΩ), likely as a result of a lack of significant sp2 carbon phase formation at this
temperature and a lack of the development of a percolated network of the sp2 carbon within the
phases that were formed [8]. Measurement of the 1400°C sample determined a gauge factor of
145, indicating a very high sensitivity to piezoresistance.

Figure 8: Piezoresistive response of SiOC annealed at 1400°C. [8]

2.1.4 Mechanical Properties of Si-O-C Ceramics
2.1.4.1

Bending Strengths of Si-O-C

Sorarù et al [31] successfully produced gel-derived monolithic silicon oxycarbide glasses
at temperatures as low as 1000°C. These glass samples were created through the processing of gels
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starting from triethoxysilane (HSi(OEt)3, TREOS, TH) and methyldiethoxysilane (HMeSi(OEt)2,
MDES, DH). The two reagents were then mixed together in various MDES/TREOS molar ratios
from 0 up to 1 in order to introduce differing carbon content between samples tested [31]. After
processing and machining of SiOC PDC, the material was tested in three point bending to measure
flexural strengths. Flexural strength values at 1000°C and 1200°C for each sample were quite high
(Table 1), with a modulus of rupture (MOR) ranging from approximately 130 MPa up to 550 MPa
[31], where the modulus of rupture represents the failure stress of the material. This large
distribution of strength values is very typical of brittle materials such as ceramics, as the strength
of brittle materials is sensitive to intrinsic flaws [81].
Table 1: MOR of SiOC samples tested through three point bending by Sorarù et al. [31]

Figure 9 reveals a trend of increasing fracture strength as the amount of
methyldiethoxysilane (HMeSi(OEt)2) is increased in the precursor gel of the SiOC PDC. Bending
strengths significantly increase even with a small ratio of methyldiethoxysilane (HMeSi(OEt)2)
content. Relating this trend to the composition of each sample reveals that the mechanical strength
of oxycarbide glasses increases with an increase of substituted carbon in the silicon oxycarbide
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network [31], indicated in Figure 9 as Carbon load. Average bending strength of SiOC pyrolyzed
at 1200°C display the same trend, but had lower values compared to the SiOC pyrolyzed at
1000°C, with this discrepancy attributed to a higher degree of surface damage due to the double
pyrolysis process performed, where double pyrolysis in this case refers to a second pyrolysis heat
treatment performed at 1200°C with the aim of densifying the SiOC samples without the formation
of β-SiC crystal nanodomains [31]. These results indicate significant benefit of carbon
incorporation into the SiOC structure on the bending strength of silicon oxycarbide glasses [31].

Figure 9: Average MOR values measured on oxcarbide glasses fired at 1000°C as a function of
gel composition. Error bars are ± Standard Deviation. Carbon load as a function of gel
composition is also expressed. [31]

2.1.4.2

Compressive Strengths of Si-O-C Ceramics

Uniaxial compression testing of SiOC samples fabricated utilizing the replica templating
method using a liquid preceramic polymer (SILRES® H62C from Wacker Chemie AG) were
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studied in [82]. Thirty samples were pre-loaded at 25N for 30 seconds, then compressed at a
constant rate of 12 N/s (Approximately 3 MPa/s) until fracture occurred [82]. Scanning electron
microscopy (SEM) analysis determined heterogeneous pores across all samples, a result typical of
the replica templating method. The SEM micrograph of a typical SiOC PDC ceramic after
machining is shown in Figure 10 [25].

Figure 10: SEM micrograph of an SiOC sample after machining created through the replica
templating method. [25]

To determine possible trends, compressive stress of each sample was plotted as a function
of its porosity (Figure 11) [25]. Compressive stress shows a slight increase with increasing
porosity, determined to be a result of transgranular-like fracture, where fracture is not dictated by
the borders of grains or pores but occurs through the dense SiOC ceramic itself [82].
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Figure 11: Porosity of SiOC samples versus compressive stress when loaded continuously. [25]

Weibull analysis was then performed to determine the mechanical reliability of the tested
samples, with results plotted in Figure 12 [82]. Weibull analysis makes it possible to determine
failure consistency of a set of samples. The strength when failure occurs was found to be 165.65
MPa [82] (with 63.2% probability, the standard η probability for Weibull analysis). The Weibull
modulus of the analysis was determined to equal m = 3.57 [82]. The higher the Weibull modulus,
the more consistent the material sample set. For an engineered ceramic with controlled processing
and small flaws, the Weibull modulus is typically 5 < m < 10 [83]
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Figure 12: Weibull analysis plot of SiOC. 𝜎0 represents the strength at failure (with 63.2%
probability), m represents the Weibull modulus, F represents the rate of failure. [82]

2.1.4.3

Young’s Modulus of Si-O-C Ceramics

The Young’s modulus of silicon oxycarbide is dependent primarily on the atomic packing
density and atomic bond energy of the material [29]. The atomic coordination, degree of
crosslinking, and molecular organization (rings, layers, chains), have lesser effect [29]. Elastic
moduli therefore reflect a mean volume energy density [29]. SiOC glasses exhibit higher Young’s
moduli (typically between 96 and 110 GPa [3, 4, 31]) in comparison to vitreous silica (70 GPa
[67]), even though the atomic packing density of SiOC glasses is lower than that of vitreous silica
and the atomic bond energy of Si-C (447 kJ/mol) is lower than the atomic bond energy of Si-O
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(800 kJ/mol) [29]. This lowered bond energy leads to the conclusion that the stiffness of silicon
oxycarbide glass is actually primarily a result of its 3D bonding architecture rather than the strength
of its bonds [29]. Specifically, the primary cause of the increased Young’s modulus of various
SiOC glass materials is the increase in the degree of crosslinking, which results in a higher mean
volume energy density [29].
The Young’s modulus of SiOC glasses has a significant dependence on the temperature of
the material as seen in Figure 13 and Figure 14. In addition, Figure 13 shows the significant
influence of carbon on the Young’s modulus of SiOC as temperature changes. One remarkable
behavior of SiOC as temperature varies is that the Young’s modulus increases as temperature
increases. With no degradation of Young’s modulus, SiOC may be able to be applied in a variety
of applications where high temperatures are an important consideration. This temperature
dependence is very similar to that of a commercial vitreous silica (Figure 14) [67, 84]. For both
silicon oxycarbide and vitreous silica, their Young’s moduli increase slightly up to 1100°C, at
which point they begin to rapidly increase up to 1400°C [67]. In vitreous silica, the increase in
Young’s modulus with increasing temperature is attributed to continuous atomic displacements
during an amorphous-amorphous transformation [84]. Stabler et al. [84] determined that the
temperature dependence of the Young’s modulus of SiOC glass-ceramics is therefore dependent
on the silica glass matrix. This dependence supports the concept that both SiOC glasses and
vitreous silica glass have similar atomic networking, causing the glassy silica matrix to undergo
the same transformation mechanism as in vitreous silica [84].
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Figure 13: Young’s modulus of SiOC samples pyrolyzed at 1600°C as a function of temperature.
C1, C12, and C16 denote the approximate volume fraction of segregated carbon. [84]

Figure 14: Relative Young’s modulus as a function of temperature of a gel-derived SiOC glass
sample (DHTH0.5) [67]
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Sorarù et al. also found that the increase in free carbon content of SiOC samples results in
a decrease in Young’s modulus (Figure 15) [30]. This is likely due to the lower Young’s modulus
of the free carbon phase (approx. 63 GPA) when compared to that of their tested SiOC glasses
(approx. 117 GPa) [30]. The lower Young’s modulus value of free carbon helps to explain a lesser
tendency for SiOC samples with high carbon content to crack during pyrolysis. Cracks during
pyrolysis likely are caused by the development of stresses related to non-uniform shrinkage
proportional to the elastic modulus [30], with lower elastic modulus values preventing high stress
formation.

Figure 15: Young’s modulus values of SiOC samples with varying degrees of free carbon
content. [30]
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2.1.4.4

Hardness of Si-O-C Ceramics

The Vickers microhardness values of SiOC glasses are typically between 6.4 and 9.3 GPa
[3, 30, 31, 60]. These values are higher than that of vitreous silica with a hardness of roughly 6
GPa [3]. Hardness values determined by nanoindentation of SiOC materials are typically in the
range of 10.5 – 11.4 GPa, higher than the value of vitreous silica at approximately 9.3 GPa [30,
42]. The enhanced atomic network connectivity is expected to be responsible for the increase in
hardness value [42].
The chemical composition of the material is the primary factor determining the hardness
of SiOC material. In samples with higher volume fractions of β-SiC, higher hardness values are
found [42]. This is consistent with the higher hardness of polycrystalline β-SiC, with hardness
values between 27.1 to 36.1 GPa [85]. Stabler et al. [42] concluded that the total amount of
segregated carbon does not affect hardness, testing two samples with comparable amounts of βSiC with 0 and 12 volume percent segregated carbon and receiving hardness values of 10.6 GPa
and 10.5 GPa respectively. In contrast, Sorarù et al. [30] determined that the increase in free carbon
content of SiOC samples results in a decrease in hardness (Figure 16). This is likely due to the fact
that the hardness value of SiOC glass is approximately 10 GPa, while the hardness value of the
free carbon phase is in the range of 5.5 – 6.0 GPa [30, 86].
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Figure 16: Hardness values of SiOC samples with varying degrees of free carbon content. [30]

2.2 Graphene Toughened Si-O-C
SiOC PDCs typically have a low electrical conductivity ranging between insulating (4.3 ×
10-13(Ωcm)-1) to semiconducting (7.1(Ωcm)-1) [6, 10]. These values are characteristic of PDC,
which typically possess low electrical conductivities in the range of 10-13 – 10-1 (Ωcm)-1 [11, 87].
In order to increase the electrical conductivity of SiOC PDC composites, conductive components
such as carbon fibers [88], carbon black powder [89], graphite flakes [90], and reduced graphene
oxide [28] can be added to a SiOC matrix. There are many methods of introducing percolated
networks of conductive filler into SiOC composites such as replica templating and aqueous phase
transfer [28, 43, 91-93]. There is little information available on the thermoelectric properties and
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performance of SiOC composites containing carbon nanomaterial, but there is much evidence that
these ceramics will be able to be implemented in many future applications where high electrical
conductivity is required [80, 94, 95]. Graphene is one of the most appropriate additives for SiOC
PDC to improve electrical conductivity, which can be increased by many orders of magnitude
through its inclusion, with reported electrical conductivities as high as 13 S/cm for SiOC/GO PDC
[19], an extremely significant increase compared to SiOC without any graphene additive. Besides
increasing electrical conductivity, the addition of graphene to the SiOC matrix leads to a decrease
in thermal diffusivity [25], while mechanical properties of SiOC-graphene ceramic composites
remain fairly similar to those without graphene, indicating that the addition of graphene does not
lead to a significant degradation of mechanical strengths of SiOC ceramics.
2.2.1 Processing of Si-O-C with Graphene
The polymer-to-ceramic conversion process allows for filler material to easily be integrated
into a PDC material, either by its inclusion in the structure of the preceramic precursor or through
the introduction of filler particles during processing [7, 22, 32, 96]. Shen et al. [28] implemented
the replica templating method illustrated in Figure 17, where preshaped polyvinyl alcohol (PVA)
foam is immersed into a graphene oxide (GO) / ethanol dispersion. This immersion causes GO
flakes to be deposited into the PVA foam walls. Liquid SiOC precursor, (in this case, SILRES
62C), is then filled into the voids of the PVA foam and cross-linked to form green bodies, where
“green body” is a widely used term for raw, precursor ceramics.
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Figure 17: Schematic illustration of Graphene Oxide Network Embedded SiCO PDC Composite
Preparation performed by Shen et al. [28]

Through pyrolysis of these green bodies, the PVA foam is decomposed, leading to varying
shapes of Si-O-C/GO composites determined by the initial shape of the PVA foam. Pyrolysis of
these samples can be undertaken in an inert atmosphere of argon, similar to the standard pyrolysis
procedures of Si-O-C ceramics without filler [28, 33, 44, 96]. The linear shrinkage of the
composites, as well as their electrical conductivity, is dependent on the pyrolysis temperature used
when materials are produced (Figure 18) [28].
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Figure 18: Linear Shrinkage and Electrical Conductivity as a function of Pyrolysis Temperature
of a SiCO/GO composite. [28]

Additional benefit of an embedded graphene within Si-O-C materials is its impact on crack
formation prevention inside of the SiOC bulk. In standard Si-O-C samples pyrolyzed from pure
cross-linked SILRES 62C, cracks appear due to the thermal residual stresses appearing during
pyrolysis. Meanwhile, SiOC/GO composites produced with SILRES 62C are fully dense and
almost crack free [28]. Shen et al. [28] came to the conclusion that the graphene oxide network
produced crack-free PDC composites due to two primary reasons. First, the graphene oxide
network provides channels to release gas produced through the pyrolysis of SILRES 62C and the
decomposition of the PVA foam. Secondly, the graphene oxide functions as a scaffold, holding
together the SiOC matrix. This conclusion is further supported by the fact that the failure of
SiOC/GO composites occurred at the interface of the SiOC matrix and graphitic domains [28].
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In addition to the pyrolysis of green bodies, SiOC/GO ceramics can also be produced
through the phase transfer of graphene oxide from an aqueous phase, where GO is dispersed in
water, to an organic phase, where the diluted GO is combined with a copolymer precursor in
diethyl ether, as implemented by Yu et al. [93] and shown in Figure 19.

Figure 19: Production schematic of SiOC/GO composites through phase transfer performed by
Yu et al. [93]

This phase transfer method was developed in an attempt to achieve a SiOC/GO ceramic
composite with more uniform graphene dispersion. The proper dispersal of graphene throughout
the produced material is a challenge due to its high surface area and hydrophobic nature [93].
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2.2.2 Structure of Si-O-C with Graphene
The structure of SiOC PDC developed with graphene filler material is primarily determined
by the processing method used. When Shen et al. [28] implemented the replica templating method
with a liquid preceramic polymer, SILRES 62C, multilayered edge-functionalized graphene oxide
(EFGO) flakes, and a PVA foam, it significantly affected where graphitic domains developed
within the microstructure of the material. It was determined that the addition of GO enabled the
formation of a greater quantity of graphitic domains within the ceramic composite [28, 43]. These
graphitic domains are formed during pyrolysis, with the total quantity of graphitic domains
increasing as pyrolysis temperature increases. Graphitic domains have two mechanisms of
formation, self-crystallization and GO-induced crystallization, illustrated in Figure 20 [28]. Selfcrystallization occurs without the influence of any graphitic domain and is therefore spread
throughout the material, while GO-induced crystallization occurs on the embedded GO particles
and networks [28].

33

Figure 20: (a) Graphitic domain evolution unmodified SILRES 62C (self-crystallization), (b)
SILRES 62C/GO composite (self and GO-induced crystallization), and (c) SILRES
62C/GO/PVA composite (self and GO-induced crystallization) during pyrolysis processes. [28]

When the replica templating method is implemented, a graphene oxide network is formed
within the SiOC matrix. SEM imaging of the SiOC matrix and graphene oxide network is shown
in Figure 21 [28]. GO randomly dispersed within the SiOC matrix does result in an increase in the
quantity graphitic domains, but sees a much less significant variance in material properties such
as electrical conductivity when compared to SiOC containing a GO network [28]. Although these
SILRES 62C/GO/PVA composites have similar quantities of GO, the GO network facilitates the
formation of graphitic domains upon the surface of the network, significantly enhancing electrical
conductivity but reducing thermal conductivity [28].
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Figure 21: SEM image of SILRES 62C/GO/PVA composite treated at 500°C in air. [28]

In contrast to the replica templating method, Maheshwari et al. [19] developed SiOC
ceramics with incorporated graphene nanoplatelets (GNP) through the implementation of spark
plasma sintering (SPS). SPS processing can be performed very quickly, inhibiting crystallization
within the matrix of the produced ceramic to some extent [97, 98]. Liquid polysiloxane precursor
was combined with GNP and crosslinked at 230°C before pyrolysis in an argon atmosphere [19],
producing a highly porous composite, which was then crushed, sieved, and densified. The resulting
SiOC/GNP composite pellets contained a percolated network of GNP flakes with low porosity (<
0.5%) (Figure 22) [19].
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Figure 22: HRSEM of spark plasma sintered SiOC ceramics. (a) shows the overall dense
structure. (b) shows the presence of an interconnected network of GNP flakes, emphasized by
black boxes. [19]

2.2.3 Properties of Si-O-C with Graphene Toughening
2.2.3.1

Thermal properties of Si-O-C with Graphene

Barrios et al. [25] analyzed two SiOC samples with varying amounts of graphene oxide
and found that the inclusion of approximately 2 wt% of edge-functionalized graphene oxide
(EFGO) resulted in a reduction in thermal diffusivity for their produced ceramic composite (Figure
23) [25]. Thermal diffusivity represents the ratio of the amount of thermal energy a material can
conduct versus the amount of thermal energy a material can store, describing the rate of
temperature spread throughout a material [99]. The diffusivity results shown in Figure 23 are
therefore logical considering the heat capacity (CP) of each sample, with the measured CP value of
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SiOC-7 (0.701 J/g·K) higher than that of SiOC-3 (0.068 J/g·K) [25]. SiOC-3 represents 3 mg/mL
EFGO/ethanol solution used in processing, and SiOC-7 represents 7 mg/mL EFGO/ethanol
solution used in processing (approx. 1.4-1.9 wt% EFGO) [25].

Figure 23:Thermal Diffusivity as a function of temperature in three SiOC/GO composites. [25]

Barrios et al. found that the thermal conductivity of SiOC/GO PDC decreased when compared
to their SiOC PDC without graphene counterparts (Figure 24) [28]. SiOC-7 pyrolyzed at 1000°C
had a thermal conductivity of 0.7654 ± 0.1091 Wm-1K-1 and 0.8676 ± 0.1289 Wm-1K-1 at room
temperature (25°C) and 300°C, respectively [28], while the thermal conductivity of pure SiOC
was measured to be 1.5 - 3 Wm-1K-1 [1, 74]. This decrease in thermal conductivity is likely due to
an increase in phonon scattering at the SiOC matrix/GO interface [100]. Annealing at 1200°C did
not significant impact the measured thermal conductivity of the SiOC-3 sample set. Both the SiOC-
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3 sample pyrolyzed at 1000°C and the sample annealed at 1200°C had thermal conductivity values
that were almost identical when measured at room temperature, with a room temperature value of
0.0689 Wm-1K-1 for SiOC-3 pyrolyzed at 1000°C and 0.071 Wm-1K-1 for SiOC-3 annealed at
1200°C [25]. Both SiOC-3 samples pyrolyzed at 1000°C and 1200°C also follow a similar trend
to that of SiOC-7 pyrolyzed at 1000°C, with thermal conductivity gradually increasing with
temperature, shown in Figure 24.

Figure 24: Thermal conductivity of SiOC/GO composites tested by Barrios et al. [25]

2.2.3.2

Electrical properties of Si-O-C with Graphene

The inclusion of graphene filler material significantly influences the electrical conductivity
of SiOC PDC. SiOC ceramic with 0 vol% GO developed by Yu et al. [93] was found to have an
isotropic electrical conductivity of 4 × 10-4 S/cm. The inclusion of GO resulted in a peak electrical
conductivity of 3 × 10-1 S/cm, an increase of three orders of magnitude compared to their pure
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SiOC samples [93]. It was determined that the increase in electrical conductivity was due to the
graphene networks formed during thermal reduction, causing the typically electrically insulating
GO to transition into highly conductive graphene sheets [93]. The conductivity of these samples
was also determined to be anisotropic, with increasing anisotropy as the total concentration of GO
increases due to the alignment of the GO within the overall SiOC matrix [93]. Interestingly, the
electrical conductivity was also dependent on the direction that current was applied, with electrical
conductivity parallel to the pressing direction increasing only slightly with an increase in GO
concentration from 0.5 to 2 vol%, (2.2 × 10-3 S/cm to 6.0 × 10-3 S/cm), while electrical conductivity
perpendicular to the pressing direction increased significantly, (8.4 × 10-3 S/cm to 3 × 10-1 S/cm)
[93]. This was determined to occur as a result of the anisotropic structure of the SiOC/GO sample,
with parallel current flowing through the SiOC matrix, while perpendicular current primarily flows
through the graphene sheets, illustrated in Figure 25 [93].

Figure 25: Illustration of parallel (𝜎||)and perpendicular (𝜎⊥) current flow in SiOC/GO samples
developed by Yu et al. [93]
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Maheshwari et al. [19] developed SiOC/GNP ceramic composites with an electrical
conductivity of 13 S/cm. This value is extremely high for an amorphous PDC, with the electrical
conductivity of a typical carbon rich SiOC sample having a value of approximately 1.0 × 10-1 S/cm
[78]. As discussed earlier, percolated GNP networks are formed within the SiOC ceramic matrix
This large value is attributed to the percolated GNP networks coupled with the low porosity of the
PDC sample (< 0.5%) and naturally high conductivity of GNP, (Approximately 600 S/cm), causing
the GNP networks to act as charge carriers.

2.2.3.3

Mechanical properties of Si-O-C with Graphene

Uniaxial compression testing of SiOC/GO samples fabricated utilizing the replica
templating method using a liquid preceramic polymer (SILRES® H62C from Wacker Chemie
AG) with edge-functionalized graphene oxide were studied in [82] and denoted as SiOC-7, in
reference to the 7 mg/mL EFGO/ethanol solution used in their processing. After processing of the
bulk samples, they were machined to 2x2x4mm dimensions with their surfaces made flat and
parallel ready for uniaxial compression testing. Thirty SiOC-graphene composite ceramic samples
were pre-loaded at 25N for 30 seconds, then uniaxially compressed at a constant rate of 12 N/s
(Approximately 3 MPa/s) until fracture occurred [82]. Prior to compression, selected ceramic
samples were imaged using SEM with a typical micrograph of a machined surface presented in
Figure 26. Microcracking was found to occur around some pores in SiOC-graphene ceramic
composites, which was not the case in SiOC ceramic without graphene (Figure 10) [25]. Porous
ceramics typically fail initially at weakened areas with local defects, so microcracking may result
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in a greater likelihood of failure [101]. This microcracking is hypothesized to be a result of a high
thermal mismatch between the added graphene and the SiOC/PVA material used during processing
[82].

Figure 26: Microcracking around pores in SiOC-7 composites, emphasized by white arrows. [25]

To determine possible trends, compressive stress of each sample was plotted as a function
of its porosity (Figure 27) [25]. The porosity of the SiOC-7 samples ranged from 5 to 32%, with
the addition of graphene leading to an independence of compression strength in respect to any
variations in the porosity of SiOC, while for most ceramic materials porosity might lead to a
decrease in the strength value, which was explained by the profound influence graphene has on
the fracture mechanisms of porous SiOC PDC [82]. As discussed in Section 2.1.4.2, SiOC PDC
without graphene fails through a transgranular-like mode, while the addition of graphene results
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in a shift to an intergranular-like fracture, where cracks propagate through the material along the
curves of pores and defects [82]. The compressive values of SiOC without graphene and SiOC
with graphene are fairly similar, but the drastic shift in failure method suggests that the inclusion
of graphene does impact the failure of the material in some way.

Figure 27:Porosity versus Compressive stress of SiOC-7 samples loaded continuously. [25]

In order to further analyze failure characteristics, Weibull analysis was performed (Figure
28). As mentioned in section 2.1.4.2, the strength value when failure is most likely to occur (𝜎0)
can be attained with 63.2% probability for a specific set of samples, (the standard η probability for
Weibull analysis). When graphene was added, the failure strength value of samples was found to
be most likely to occur at 173 MPa, higher than that of SiOC without graphene (165 MPa) [82].
This increase is likely due to the development of the percolated graphene network within the SiOC-
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7 samples, regardless of their porosity content [82]. The Weibull modulus (m) of SiOC-7 samples
is also improved, at a value of m = 7.54 compared to SiOC without graphene (m = 3.57), and is a
much more typical value for engineered ceramics.

Figure 28: Weibull analysis of SiOC-7 [82]

2.3 Spectral Vibrational Response of Si-O-C Ceramics
The Raman spectrum of silicon oxycarbide shows features typical of a carbon-based
material due to the significant presence of the graphitic carbon nanodomains in SiOC structure. A
typical Raman spectrum of an Si-O-C sample is shown in Figure 29 [102]. Analysis of the Raman
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spectrum of SiOC typically focuses on the graphitic carbon nanodomains, primarily through
analysis of the first-order region (1000-1800 cm-1), which contains two primary distinct bands (or
peaks), called the D-band, or “Disordered” band, and the G-band, or “Graphitic” band [103]. The
relationship between the D and G bands can reveal information about the total concentration of
graphitic carbon, the total quantity of carbon defects, and the structure of the carbon phases within
the SiOC ceramic matrix. The analysis of carbon-based materials through Raman spectroscopy is
a complex process with numerous interpretations in its methodology that can make meaningful
results difficult to identify and interpret. Despite these difficulties, there have been attempts to
categorize typical properties of Raman spectra in order to develop a consistent methodology.

Figure 29: Typical Raman spectrum of Si-O-C displaying a disordered secondary carbon phase.
A1g and E2g vibration modes of sp2-hybridized carbon are illustrated in the top right. [102]

Raman spectra are often analyzed through the deconvolution of peaks, typically performed
through curve fitting, where curve fitting is one of the procedures that allows for the separation of
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overlapping peaks. The number of curves applied is largely dependent on goodness of the curve
fit where FWHM, position, intensity, and area of Raman bands are the four parameters identified
and analyzed through curve fitting. The D and G bands of the Raman spectra of carbon-based
materials are stress sensitive, with an application of stress resulting in a change in the properties
of the Raman spectra, allowing the determination of stress transfer mechanisms during loading.
2.3.1 Raman Spectroscopy of Carbon-based Materials
Raman spectroscopy is a sensitive, nondestructive analysis tool for characterizing the free
carbon within carbonaceous materials [24, 27, 104-109]. Raman spectroscopy is especially useful
for the analysis of graphene-containing material, as graphene electrons behave as massless
particles [110], therefore having zero band gap, leading the Raman spectrum to contain valuable
information about electronic structure and electron-phonon interactions in addition to atomic
structure [108].
Raman spectroscopy records information through the analyzation of the interaction of light
with the chemical bonds that make up a material. A high intensity laser is aimed at a material,
where incident light is then scattered surface molecules. The vast majority of this light is the same
wavelength as the laser source, which does not provide useful information in Raman analysis,
known as Rayleigh scatter. Approximately 0.0000001% of scattered light is scattered at different
wavelengths due to the chemical composition of the material, known as Raman scatter [111].
Raman shift is the recorded energy difference between the incident light and the recorded scattered
light. Raman data is typically presented in the form of a Raman spectrum, plotted as the recorded
Raman shift (cm-1) as a function of intensity (arbitrary units). Raman spectra of different material
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can vary significantly, making it difficult to analyze Raman spectra between even two materials
of the same composition with different processing methods. Despite this, a variety of different
methods have been proposed for the systematic analysis of Raman spectra of carbon-based
material, which are described below.
2.3.2 Curve Fitting and Mode Assignment of Carbon-Based Materials
Raman spectra data analysis relies heavily on subtle differences in the curvature and shape
of spectral features, such as the intensity of recorded peaks and their wavelength position [112].
In order to preserve important information, background noise and artifacting must be eliminated,
usually achieved through a process known as curve fitting, where a curve is created through the
summation of smaller applied curves in order to develop a “best fit” for the overall Raman
spectrum.
The appropriate methodology for curve fitting of carbon-based material is of some debate,
with different carbon-based material producing varied Raman spectra that are difficult to quantify.
The simplest possible fit is created using two Lorentzian fits, or two Gaussian fits [109], where
each type of fit refers to a different line shape function which defines the applied curves. According
to Ferrari and Robertson [109], a Breit-Wigner-Fano (BWF) line shape in combination with
Lorentzian fits of the two main peaks, D and G, will provide a good fit for all carbon materials. In
contrast, Sadezky et al. [113] found that a fitting using four Lorentzian fits for the G, D1, D2, and
D4 bands in addition to a gaussian fit for the D3-band provides appropriate fits for first-order
spectra of carbonaceous materials. In the fitting of a particularly complex Raman spectra of
biomass char, Asadullah et al. [114] found it most appropriate to implement a fitting with 10
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Gaussian bands. In an attempt to develop a geothermometer for application in the analysis of
carbonaceous metasediment, Kouketsu et al. [115] devised various curve fitting methods for
carbonaceous material, shown in Figure 30. While this study was primarily to determine the
metamorphic temperatures of carbonaceous metasediment in the low to medium temperature
range, their methodology and logic still provides useful information on the general shapes and
protocol of curve fitting carbon-based Raman spectra. These methods are focused on the firstorder region of carbonaceous materials, which was determined to be able to be broken down into
seven fittings, A-G, with appropriate reasoning and methodology provided in Figure 31 [115].
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Figure 30: Curve Fitting methods devised by Kouketsu et al. [115]
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The curve fitting methods described by Kouketsu et al. [115] would provide the most
effective fit for a variety of spectra, presented as a flowchart in Figure 31. Interestingly, in the
proposed fittings G, F, and E, the center position of the D4-band is fixed at a value of 1245 cm-1.
Fixing the center of the D4-band was found to have no significant effect on other band parameters
such as FWHM or intensity [115].

Another important distinction is found in possible

differentiation in methods relating to the broad curve on the right side. In some cases, this broad
curve is treated as a single G peak [103, 105, 106], while in others it is treated as two distinct
bands, a G-band and a D2-band [113, 116, 117].

Figure 31: Flowchart of peak fitting procedure created by Kouketsu et al. [115]
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2.3.3 D and G Bands of Si-O-C Raman Spectra
As discussed in Section 2.1.2, the carbon atoms within SiOC PDC have two possible
hybridization modes. The first is a sp3-hybridization C-Si bond within the ceramic matrix, called
carbidic carbon [27]. The second is a sp2-hybridization C-C bond which forms a segregated phase
of turbostratic carbon [27], also known as free carbon. As carbon atoms vibrations in SiOC PDC
are Raman active, they can be easily studied using Raman spectroscopy. A typical SiOC PDC
Raman spectrum is shown in Figure 29 [102].
Raman spectra of carbon-based material recorded in the near-infrared and visible light
spectrums typically have two primary distinct bands (or peaks), called the D-band, or “Disordered”
band, and the G-band, or “Graphitic” band [103]. The position of the D and G peaks, their intensity
ratio (ID/IG), and the full width at half maximum (FWHM) reveal significant information about the
total degree of disorder within carbonaceous ceramics, such as graphitic carbon, carbon black,
graphene, carbon nanotubes, and others [103]. It is generally accepted that the G-band appears due
to stretching vibrations of sp2-hybridized in-plane C-C bonds [109], (E2g-symmetry shown in
Figure 29). The D-band represents the disordering of segregated free carbon, (A1g-symmetry
shown in Figure 29) [27, 109]. The D-band is located at approximately 1350 cm-1, while the Gband is located at approximately 1580 cm-1 in SiOC PDC [27].
It is also known that the Raman spectrum of carbonaceous material is composed of firstorder and second-order regions [108, 115, 118]. The first-order region is located between 1000 –
1800 cm-1. The second order region is located between 2500 – 3100 cm-1. It was established that
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the first-order region of SiOC Raman spectrum is composed of five discriminative bands (G, D (or
D1), D2, D3, and D4) [27, 108, 115, 116]. The D bands were identified with increasing degree of
disorder, where disorder in this case refers to defects such as bond length and angle disorder at the
atomic scale [119], with bands appearing at approximately 1350 cm-1 (D1-band), 1620 cm-1 (D2band), 1510 cm-1 (D3-band), and 1245 cm-1 (D4-band) [115]. The origin of the D-bands has
historically been contentious with many possible interpretations, but most recently has been
attributed to double resonant Raman scattering [27, 120, 121], where double resonance is the
process by which the initial incident laser creates an electron-hole excitation which creates a
phonon. This phonon then proceeds to annihilate the electron-hole pair, creating another phonon
[122]. The position of these Raman bands and their relative intensities changes with excitation
wavelength (λ0) due to the double resonance scattering process [123].
2.3.4 Stress Dependence of D and G Bands in Carbon Based Materials
It has been established that Raman bands in carbon-based materials, such as graphitic
carbon, carbon nanotubes, and graphene, are stress sensitive [124-126], and therefore can be used
for the determination of stress and stress transfer mechanisms which occur in these materials under
external loading. The application of Raman spectroscopy for the determination of these stresses
and stress transfer mechanisms is called piezospectroscopy [126-128]. Mu et al. [127] analyzed
the stress transfer mechanism between the polymer and the reinforcing fibers in single-wall carbon
nanotube (SWCNT) / Poly(methylmethacrylate) (PMMA) nanocomposites, processed through
melt spinning into fibers with a diameter of approximately 50 μm and a gauge length of
approximately 15.5 mm. These fibers were tested under tension while being monitored through
Raman spectroscopy in order to determine changes in the Raman peak parameter values. In this
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paper, the stress change and the parameters of the G-band in the Raman spectra were measured as
a function of strain, with an emphasis on the small strain regime (𝜀 < 0.6%) and large strain regime
(𝜀 < 21%). Raman measurements were recorded from the same spot on the sample while strain
was applied to the nanocomposite fibers through tension until fracture [127]. In this study the Gband of the Raman spectrum was broken down into four peaks, G1 (1589 cm-1), G2 (1585 cm-1),
G3 (1565 cm-1), and G4 (1530 cm-1), shown in Figure 32 below [127]. Despite that in the majority
of papers these peaks are referred to as D bands, in this paper they are called G bands as SWCNT
are unique among the spectra of other carbonaceous material, as it is more suitable to use the G
band of the Raman spectra to study the influence of strain than the D band, hence the change in
naming convention [125, 127, 129, 130]. Analysis was primarily performed on the G2 peak, as this
peak was the most intense and narrow and was determined to provide the most representative
results [127].

Figure 32: Raman spectra of purified SWCNT (solid blue line) and SWCNT/PMMA
nanocomposite (dashed red line) with G1-4 bands shown. [127]
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In order to determine the stress dependence of the G-band at small strains (0 – 0.6%),
stress-strain, peak position-strain, and FWHM-strain plots were created (Figure 33). The G2 peak
shifts downwards gradually until yielding begins at approximately 𝜀y = 0.2%, at which point the
rate of decline decreases, suggesting that load transfer is less effective at this point [127]. This
decline is consistent with a decrease in slope of the stress-strain plot at the same yielding point of
𝜀y = 0.2%. The maximum average stress value (𝜎max) corresponds to stronger interactions between
the SWCNTs and PMMA polymer [127]. At 𝜎max peak position displays a downshift of 2.5 cm-1,
indicating that only small amounts of stress are transferred to the SWCNTs. The full width at halfmaximum provides insight into the stress distribution in the composite fibers. As the FWHM
remains fairly constant with strain, it was concluded that the stress distribution remains constant
with applied small strains [127].

Figure 33: Properties of the G2 peak of the SWCNT/PMMA composite as functions of strain
from 0-0.7% (a) Stress-strain curve for SWCNT/PMMA nanocomposite fibers. (b) Raman peak
position of the G2-band. (c) Raman peak FWHM of the G2 band. [127]
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Mu et al. also attempted to determine stress dependence of the G-band at high strains (021%) through the creation of stress-strain, peak position-strain, and FWHM-strain plots for this
strain region (Figure 34) [127]. Interestingly, after reaching maximum peak downshift, the peak
position of the G band begins to gradually increase with increasing strain until failure at 19% strain
[127]. This is likely due to the SWCNT/PMMA interface failing and the total stress on the
SWCNTs decreasing [127]. In addition, FWHM gradually increases as strain increases, which
suggests that the stress applied to the SWCNTs is becoming more heterogeneous, likely a result
of slippage at SWCNT/PMMA interfaces, additionally resulting in a reduction of transfer
efficiency [127].

Figure 34: Properties of the G2 peak of the SWCNT/PMMA composite as functions of strain
from 0-21% (a) Stress-strain curve for SWCNT/PMMA nanocomposite fibers. (b) Raman peak
position of the G2-band. (c) Raman peak FWHM of the G2 band. [127]
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It has been clearly established that the Raman spectra of carbon-based materials are stress
sensitive, with changes in applied stress resulting in a change in the properties of the Raman
spectra, such as peak position, FWHM, or peak intensity. These changes in spectral properties
allow for the determination of piezospectroscopy coefficients and to determine the stresses and
stress transfer mechanisms during loading.
2.4 Application of Si-O-C
The piezoresistive properties of SiOC make it a promising material for high temperature
piezoresistive applications [9, 24, 131]. Roth et al. [131] tested the high temperature
piezoresistivity of carbon containing SiOC nanocomposites (C/SiOC) and determined a gauge
factor of 80 ± 20 at 1200°C. This property makes SiOC a unique possibility for high temperature
application (T > 400°C), as few other piezoresistive materials operate at such high temperatures
[8, 24]. With the addition of filler materials, it is likely that SiOC ceramic matrix composites will
allow for the development of high-temperature-resistant, electrically conductive ceramics with
integrated pressure sensor functions [8]. SiOC PDC is also promising in the field of
electrochemical energy storage applications due to the disordered carbon phase and the hybrid
bonding of silicon atoms with oxygen and carbon atoms [95, 132, 133]. Typically, graphitic carbon
is used as an anode material, which unfortunately often suffers from shortcomings such as low
specific capacity, inferior rate capability, and poor cycling ability which limits implementation in
commercial products [134]. As a result, SiOC has been turned to as an acceptable substitution,
particularly in the implementation of high-performance Li-ion batteries, with silicon electrodes
delivering as much as 5-10 times higher discharge capacity in comparison to a standard graphite
electrode [95]. In addition, SiOC PDC have been used to produce ceramic joints between reaction55

bonded silicon carbide parts [135], which are commonly implemented in metallurgy, abrasives,
and refractories. This joining method is possible at relatively low temperatures (1000-1200°C) and
highly tailorable composition and properties through the addition of filler material [135]
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CHAPTER 3: EXPERIMENTAL
3.1 Processing of SiOC Without and With Graphene Toughening
SiOC samples were produced as described in [25] through a facile replica templating
method [136-138]. Two different sets of samples were produced. The first sample set was
produced through the pyrolysis of SiOC/PVA green bodies. Green bodies were produced by
infiltration of a liquid SiOC preceramic polymer (SILRES® H62C from Wacker Chemie AG) into
a clean preshaped PVA foam [25, 28]. These green bodies were then cured at 160°C for 16 hours.
After curing, pyrolysis was performed with a 0.5°C/min heating rate, holding at 300°C and 350°C
for two hours each. After these holds at 300°C and 350°C, the samples were heated with a
1.0°C/min heating rate to 600°C, where they were held for two hours dwell time, and again at
1000°C for another two-hour dwell time, after which the SiOC PDC processing was considered
completed. The second set of SiOC based PDC was made through the pyrolysis of SILRES
62C/GO/PVA green bodies produced using the same method as the first set of samples, however
it contained an added 2.6 vol% percolated graphene network obtained by immersing the preshaped
PVA foam in a GO-ethanol dispersion before the infiltration of the liquid SiOC preceramic
polymer [25, 28]. The stoichiometry of samples was determined through LECO combustion (C,
O) and wet chemistry (Si) (NSL Analytical, Cleveland, Ohio). The density of produced samples
was measured using the Archimedes’ technique in accordance with [139]. After pyrolysis all
samples were machined to dimensions of 2 mm x 2 mm x 4 mm (Bomas Machine Specialties,
Massachusetts, USA) in accordance with [140].
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3.2 Uniaxial Compression
Produced SiOC based samples were tested under uniaxial compression to determine
strength using an MTS universal testing machine Criterion® Model 43 (MTS Systems
Corporation, Minnesota, USA) (Figure 35). The universal testing machine was equipped with a
2kN load cell (MTS Systems Corporation, Minnesota, USA) which was used to measure the load
during experiments. 6mm compression platens were installed onto the universal testing machine
to secure the samples during compression (Figure 37). Displacement was recorded by the
crosshead movement of the MTS testing machine. In addition, an optical probe camera with a 20x
objective lens (Renishaw plc, Wotton-under-Edge, UK) (Figure 35, 36, and 37) was used to record
images of the SiOC based samples during compression.
Two loading profiles were implemented for the uniaxial compression testing of the SiOC
samples without graphene, referred to below as profiles (1) and (2). The samples in compression
were preloaded up to 1.04 MPa at a 0.05 MPa/s loading rate, after which the load, displacement
and time were zeroed. The loading used in Profile (1) was applied in a load-controlled compression
mode with a continuous 12 N/s loading rate until fracture. Profile (2) involved the same loadcontrolled compression mode as profile (1), however at each 50N (12.5 MPa) load increment a
dwell of 200s was applied during which the load was kept constant. After this dwell, loading was
then continued at 12N/s up to the next 50N increment, at which point another 200s dwell began
during which the load was kept constant. This process was then repeated at every 50N until fracture
occurred. Twenty-seven samples of SiOC without graphene were tested using profile (1), and two
samples were tested using profile (2).
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The loading profiles of the SiOC with graphene sample set were presented in [25] and
summarized below. Two loading profiles were implemented for the compression of the SiOC
samples with graphene, referred to here as Profiles (A) and (B). For each profile, a preload-force
of approximately 25N (6.25 MPa) was applied. After preload the values of time and crosshead
displacement were zeroed. Profile (A) involved the implementation of a load-controlled
compression mode with a loading rate of 20 N/s (5 MPa/s) until fracture. Profile (B) implemented
the same load-controlled compression mode with a loading rate of approximately 12 N/s until
reaching 50N (12.5 MPa), at which point a 200 second dwell was implemented where load was
kept constant. After this dwell period, loading was applied at a 12 N/s rate up to the next 50N
increment, where another 200s dwell period began where load was kept constant. This process was
repeated until fracture occurred. Thirty-one samples of SiOC with graphene were tested using
profile (A), with two samples tested for profile (B).
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Figure 35: Criterion® Model 43 MTS Universal Testing Machine with Raman probe. [141]
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Load readings were obtained by the 2kN load cell attached to the universal testing machine.
Once obtained, load values were recalculated into stress through the standard procedure of dividing
the applied load by the cross-sectional area of the sample. Displacement of the sample was
measured by recording the movement of the crosshead. Strain was then calculated by using
Equation 1:
𝜀=

𝛿

(1)

𝐿

In this equation 𝛿 = L1, where L1 is the original length of the sample minus the changed
length of the sample measured under compression, where L is the original length of the sample.
As the measured crosshead displacement involved not only the sample displacement but also the
displacement of the spring in the load cell as well as the attached metal compression platens, such
measurements are not precisely accurate and cannot compute a perfectly accurate value of strain.
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3.3 In-situ Raman Spectroscopy under Applied Compressive Load
An optical probe (Renishaw, Gloucestershire, UK) with a 20x objective lens attached to a
motorized XYZ-stage (Velmex Inc., Bloomfield, New York, USA) was used to collect in-situ
Raman spectra of SiOC based samples under uniaxial compression. A computer modeled
representation of the experimental set-up is shown in Figure 36 [141], with the actual experimental
set-up used for Raman spectra collection shown in Figure 37. The motorized stage was controlled
by two Vexta stepping motors (Oriental Motor, Tokyo, Japan) [141]. One Vexta motor provided
control over the Y- and Z-axis motion of the probe, while the other controlled motion along the Xaxis with a 0.005 mm/step resolution in the X- and Y- directions and a 0.0016 mm/step resolution
in the Z-direction [141]. The motion of the probe was controlled by a designed Virtual Basic
software, which could define the collection area on the sample surface and signal the collection of
Raman data [141]. This optical probe was connected to a Renishaw® inVia Raman microscope
system (Renishaw, Gloucestershire, UK). The Renishaw microscope system was equipped with a
532 nm Si laser with a maximum power of 300 mW and a single spectrograph fitted with
holographic notch filters, connected to an optical microscope (Leica Microsystems GmbH,
Wetzlar, Germany). The spectrometer was calibrated before use with a standardized silicon (100)
wafer reference sample to ensure appropriate system health.
Raman spectra of SiOC were recorded between 800-2000 cm-1 Raman shift values in order
to collect the spectral response of the graphitic carbon nanodomains in SiOC. The SiOC samples
were loaded in the universal testing machine and Raman spectra were collected at each load during
the 200s dwell times in loading profiles (2) and (B) described in section 3.2. For the SiOC samples
without graphene tested through profile (2), the first Raman spectrum was collected during the
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initial preload dwell. For the SiOC samples with graphene tested through profile (B), the first
Raman spectrum was collected during the 200s dwell at the first 50N loading step. In order to
collect the Raman spectra, the optical probe was focused on the 2mm x 4mm side of SiOC sample
at a certain location. During loading, the sample was deformed and the location of spectrum
collection on the sample surface was slightly changed at the next load with a dwell time, thus each
spectral response recording of SiOC was not collected from exactly the same location as the
previous collection.
After Raman spectra were collected, they were analyzed utilizing WiRE 3.4 software
(©2002 Renishaw plc, build 2377) following the detailed procedure described in section 4.4 below.
Before analysis, a baseline was subtracted from each recorded spectrum. Curve fitting of the
collected spectrum was then implemented, with the entire procedure of baseline subtraction and
curve fitting described in section 4.4 below.
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Figure 36: A) Computer modeled representation of experimental set up. B) Closer view of
sample data collection in experimental computer model. [141]

Figure 37: Photograph of Raman probe during data acquisition.
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CHAPTER 4: RESULTS AND DISCUSSIONS
The goal of the research presented in this thesis is to analyze the spectral response of SiOC
and SiOC with a graphene phase to applied uniaxial compressive stress using in-situ Raman
spectroscopy. The properties of the processed SiOC, such as stoichiometry, density, porosity, and
ceramic yield, are presented in Table 2 [82]. A comparison of uniaxial compressive strength of
SiOC without and with graphene was made and their probability of failure was analyzed by
Weibull statistics. Raman spectra of SiOC without and with graphene were collected in-situ at
various stress levels during uniaxial compression. Curve fitting procedure of the collected SiOC
Raman spectra were developed in order to extract parameters of the peaks, such as peak intensity,
peak position, FWHM, and peak area. These peak parameters were further analyzed to determine
their dependence on the applied compressive stress during SiOC uniaxial loading. The comparison
of spectral vibrational response of SiOC without and with a graphene phase was then made to
determine if the addition of a graphene phase contributes to the strengthening of SiOC. Analysis
of these Raman spectra presented in this work in an attempt to understand the strengthening that
the addition of a graphene phase would bring to SiOC PDC. Therefore, the results and discussion
chapter will include the following subsections: (1) Loading Profiles of Si-O-C in Uniaxial
Compression (2) Si-O-C Compressive Strengths, (3) Weibull Analysis of Si-O-C Strength Results,
and (4) In-situ Raman Spectroscopy of Si-O-C.
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Table 2: Properties of SiOC composite samples produced by Barrios et al. [82]
Sample
SiOC
SiOC/GO

Stoichiometry
Composition
SiC3.06O1.27
SiC3.08O1.31

Density
(g/cm3)
1.42 ± 0.11
1.39 ± 0.10

Porosity
(%)
14.4 ± 7.06
19.3 ± 6.62

Ceramic Yield
(%)
42.5 ± 1.99
61.1 ± 2.88

4.1 Loading Profiles of Si-O-C in Uniaxial Compression
SiOC without and with graphene samples were tested through uniaxial compressive
loading with four different loading profiles, ((1), (2), (A), and (B)), to determine the time
dependent mechanical behavior of the samples. Loading profiles (1) and (2) were implemented for
SiOC without graphene. Loading profiles (A) and (B) were implemented for SiOC with graphene.
The stress vs time and strain vs time of selected samples tested implementing these four loading
profiles are presented in Figure 38.

Figure 38: A) Loading profiles of stress v time and strain v time with 0s and 200s dwell time
used during uniaxial compression of SiOC without graphene. B) Loading profiles of stress v time
and strain v time with 0s and 200s dwell time used during uniaxial compression of SiOC with
graphene presented in [25].
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When loading profiles with zero second dwell time ((1) and (A)), were implemented the
compressive testing lasted between 30.35 and 102.35 seconds. When loading profiles with 200
second dwell times ((2) and (B)) were implemented, the total test time was extended considerably,
with compressive testing lasting between 1841.85 and 3712.45 seconds. The maximum load
applied to the selected SiOC without graphene sample with zero dwell presented in Figure 38A
was 952.12 N, while the maximum load applied to the selected SiOC with graphene sample with
zero dwell presented in Figure 38B was 771.35 N, with calculated stress values of 186.42 MPa
and 228.04 MPa respectively. The maximum load applied to the selected sample of SiOC without
graphene presented in Figure 38A was 476.27 N, while the maximum load applied to the selected
sample of SiOC with graphene tested with 200s dwell times presented in Figure 38B was 501.31
N, with calculated stress values of 125 MPa and 115.38 MPa, respectively.
It is known that SiOC PDC behave in a linear elastic manner, where stress is directly
proportional to strain, according to Hooke’s law[30, 67, 142]. The total magnitude of deformation
increases proportionally to the applied loading values, where such a stress-strain relationship
should represent Hooke’s law (𝜎 = E𝜀), which states that force and displacement scale
proportionally in linear elastic materials. Although loading was applied in a load-controlled mode,
the proportional increase in strain with increasing values of stress indicate that there is no phase
lag between the stress input and strain response observed. The samples tested through loading
profiles (2) and (B) with 200s dwell times do show some minor deviances in stress and strain
proportionality in the form of small “pop-in” events, where the deformation values change while
loading is constant, especially noticeable as the material approaches fracture. This is possibly due
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to microcracking developing around the pores of the material or due to more significant cracking
occurring before fracture.
4.2 Si-O-C Compressive Strength
Stress-strain curves for the previously selected SiOC without graphene and SiOC with
graphene samples loaded with zero seconds dwell time and 200 seconds dwell time are presented
in Figure 39. These plots are obtained from combining the stress v time and strain v time graphs
shown in Figure 38. As SiOC PDC is linear elastic [30, 67, 142], the stress-strain deformation
plots are linear, however at small loads there is a deviation from this linearity.

Figure 39: A) Stress-strain curves for tested SiOC without graphene presented in [25]. B) Stressstrain curves for tested SiOC with graphene presented in [25].
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Young’s modulus was calculated from the slope of the linear portion of the stress-strain
curve, with values of 13.98 GPa and 8.26 GPa for the selected SiOC without graphene zero dwell
and 200 second dwell samples respectively. The slope of the selected SiOC with graphene samples
stress-strain curve gave Young’s modulus values of 12.89 GPa and 11.60 GPa for zero seconds
dwell and 200 second dwell respectively. These values are significantly lower than typically
reported Young’s modulus values of dense SiOC PDC, which are usually measured to be between
96 and 110 GPa [3, 4, 31, 107]. Such significant discrepancies between the reported values and
our calculated values are due to inaccurate displacement measurements as a result of using
displacement data measured from the position of the crosshead of the universal testing instead of
sample displacement in our test, resulting in stress-strain deformation plot slopes that are not
representative of the actual values of SiOC PDC which produced significantly lower values of
Young’s modulus. As we are dealing with very small measurements (< 4mm), the addition of the
column mounts on the machine, the spring within the load cell, and the compression platens that
hold the sample all will contribute to the measured displacement during loading and do not allow
for accurate measurement of displacement values.
The stress-strain deformation curve of the 200 second dwell SiOC sample without
graphene (Figure 39A) shows numerous instances of discontinuous yielding in the form of “popin” events, likely a result of spontaneous microcrack growth occurring without the full failure of
the material. These “pop-in” events likely are one of the primary causes of the reduced overall
compressive strength of the SiOC samples tested with 200 second dwell time. The stress-strain
deformation curve of the SiOC with graphene sample (Figure 39B) utilizing loading profile (B)
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with 200s dwell times also displays an abnormal “staircasing” pattern as a result of a software
problem, which was eliminated in all other loading profile data.
When SiOC without graphene was loaded through profile (1), average compressive
strength (𝜎c) was determined to be 165.65 ± 54.21 MPa, with values for each individual sample
tested presented in Appendix B. SiOC with graphene samples provided similar results, with a 𝜎c
= 163 ± 24.2 MPa determined for samples loaded through profile (A), with values for each
individual sample tested presented in Appendix B. As only two samples were tested for profiles
(2) and (B), no meaningful average compressive strengths values could be determined. The
strength of SiOC without graphene loaded through profile (1) with zero dwell time were plotted
as a function of their density (Figure 40). Density measurements for SiOC with graphene have not
been performed. Density values were provided by Elizabeth Barrios [25], measured through the
Archimedes’ technique in accordance with [139]. It was determined that an increase in sample
density typically resulted in an increase in compressive strength, indicating that samples with high
compressive strength have a lower porosity, resulting in the ceramic matrix carrying more of the
applied load and, thereby, increasing strength of the material.
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Figure 40: Stress vs. Density for SiOC without graphene tested through profile (A)

4.3 Weibull Analysis of Si-O-C Strength Results
Weibull analysis was implemented to determine the probability of failure of SiOC, with
two Weibull parameters such as characteristic strength (𝜎0) and the Weibull modulus (m) were
determined. The characteristic strength (𝜎0) represents the strength of the material at which the
probability of failure is 63.2%, and the Weibull modulus represents the variability of material
failure, with higher Weibull modulus representing more consistent strength values of the material.
R2, the goodness of fit of the trendline of the strength values, was also calculated, representing the
degree of variation between recorded and expected strength values, with numbers closer to 1
indicating less variation. Weibull analysis results for SiOC without and with graphene loaded with
zero dwell time are shown in Figure 41. The strength values used for Weibull analysis of SiOC
without and with graphene loaded with zero dwell time are presented in Appendix B.
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Figure 41: A) Weibull analysis of SiOC without graphene tested in zero second dwell loading
profile (1). B) Weibull analysis of SiOC with graphene tested in zero second dwell loading
profile (B). Weibull analysis results were originally presented in [25], however, dwell time tested
samples have been removed in this work leading to different results.

Weibull analysis of the SiOC without graphene sample set shown in Figure 41A
determined a characteristic strength of 190.41 MPa for the data set. A Weibull modulus of m =
3.46 was determined, a low result for an engineered ceramic, which are typically in the range of 5
< m < 10 [83]. This low Weibull modulus coupled with a calculated R2 = 0.9122 indicates that the
strength values follow an appropriate model and that this material is not very reliable. Weibull
analysis of SiOC with graphene, shown in Figure 42B, determined a characteristic strength of
178.79 MPa for the data set. The characteristic life value of this sample set was 11.62 MPa lower
than that SiOC samples tested without graphene, a decrease of approximately 6.29%. A Weibull
modulus of m = 7.22 was determined, a value considerably higher than that of SiOC without
graphene and more in line with a typical engineered ceramic. In addition, an R2 of 0.9821 was
calculated, a noticeably higher value, which coupled with an increased Weibull modulus indicates
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that the addition of graphene will result in a more consistent method of failure than samples without
the addition of graphene.
4.4 In-situ Raman Spectroscopy of Si-O-C
Raman spectra of SiOC without and with graphene at 12.5 MPa stress levels are presented
in Figure 42. While many factors contribute to the overall shape of a material’s Raman spectrum,
it is understood that the ratio of intensities of the D and G bands (ID/IG) in carbonaceous materials
is influenced by the total presence of carbonaceous nanodomains [27, 103, 109, 117]. As this ID/IG
ratio increases, the size and quantity of graphene nanodomains are decreased, with the D band
growing more intense in the Raman spectrum, indicating a greater degree of disorder [103]. The
inverse is also true, with the G band growing more intense in the Raman spectrum as the total
quantity of graphene nanodomains is increased. This ratio change is visible in Figure 42, as the
ratio of ID/IG decreases with the addition of graphite into SiOC samples, indicating an increase in
the total graphitic nanodomain content.

Figure 42: A) Raman spectra of SiOC without graphene at 12.5 MPa. B) Raman spectra of SiOC
with graphene at 12.5 MPa.
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The recorded Raman spectra of SiOC without and with graphene were analyzed through
the deconvolution of peaks using curve fitting. As discussed in section 2.3, due to the significant
presence of the graphitic carbon nanodomains in the overall SiOC structure, the Raman spectrum
of SiOC shows features typical of a carbon-based material, for which there are a variety of curve
fitting procedures available [108, 109, 112, 115]. For example, Ferrari and Robertson [109] state
that fitting only the two primary peaks, (D and G), will give a good fit for all carbon material at a
broad laser energy range, while Sadezky et al. [113] found that fitting using five peaks, (G, D1,
D2, D3, D4), provides appropriate fits for first-order (1000-1800 cm-1) spectra of carbonaceous
materials. In order to determine which method would provide the best results, curve fitting of SiOC
without and with graphene was implemented utilizing 2, 3, 4, and 5 curves, with the methodology
of each of these curve fitting processes presented below. The spectra of SiOC without and with
graphene were curve fitted through each method, (2, 3, 4, and 5 curves), where spectra were insitu recorded at varying stress levels during loading. After determining the best curve fitting
procedure, the peak intensity, peak area, peak position, and FWHM were plotted as a function of
stress to determine if there is any significant change in spectral properties during deformation.
4.4.1 Curve Fitting of Si-O-C Raman Spectra
Curve fitting of the Raman spectra of SiOC without and with graphene began with baseline
subtraction, where a baseline was subtracted from each recorded Raman spectra in order to
eliminate background noise or fluorescence present. This baseline removal process is illustrated in
Figure 43. Renishaw’s WiRE 3.4 software initializes a straight baseline between the ends of the
spectrum, which is then adjusted manually to ensure the baseline applies an appropriate offset to
the intensities of the spectrum while also minimizing changes to the spectrum’s peak intensity
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ratios. In order to ensure consistent methodology between spectra collected at each stress level,
only linear polynomial fit baseline subtraction was applied in each case of the curve fitting.

Figure 43: Baseline removal process for Raman spectrum as shown in WiRE 3.4 software. A)
Unaltered Raman spectrum of SiOC with baseline shown in blue. B) Raman spectrum of SiOC
after baseline subtraction.

After baseline subtraction, curve fitting of each spectrum was performed with mixed
Gaussian-Lorentzian curves. Curve fitting was performed in the WiRE 3.4 software by manually
placing the desired number of curves at the approximate location of known Raman bands, such as
the D1 (~1350 cm-1), D2 (~1620 cm-1), D3 (~1510 cm-1), D4 (1245 cm-1), and G (~1580 cm-1)
bands [27, 108, 115, 116]. Curves height and width can then be modified to fit more appropriately
with the recorded Raman spectra. Once an approximate fit has been manually achieved, the WiRE
software runs a curve fitting algorithm, which performs many iterations until the best fit is reached.
Curve fit parameters along with the summation of the applied curves are then reported by the
software for analysis as seen in Figure 44, 45, 46, and 48. Goodness of fit for applied curves was
determined through their reduced chi-squared (χ2) value. Reduced chi-squared values are
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calculated automatically through the WiRE 3.4 software. A χ2 of 1 indicates an ideal fit with true
parameter values, a χ2 significantly greater than 1 indicates a poor fit for a set of data, a χ2 slightly
greater than 1 indicates that the fitting has not captured all of the data, or that the data has been
underfit, and a χ2 less than 1 indicates that the data has been overfit [143]. The details of curve
fitting procedures of the D and G bands of SiOC without and with graphene using 2, 3, 4, and 5
curves are described below.
4.4.1.1

Curve Fitting of Si-O-C Raman Spectra Using Two Peaks

An example of a typical SiOC Raman spectrum curve fitted with two curves is shown in
Figure 44. Through the two-curve method, the Raman spectra is broken down into two
discriminative bands: D (~1330 cm-1) and G (~1580 cm-1). A two curve fit is the simplest fitting
implemented for Raman spectra of carbonaceous materials, as they show two prominent peaks (D
and G) [109]. The applied curve fit presented using this method below is not ideal, with significant
variance in the experimental data and the summation of the curves applied, especially visible at
the portion of the spectrum between the two curves.
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Figure 44: Example curve fitting of an SiOC Raman spectrum using 2 curves. The solid line (in
blue) represents the best fit to the experimental data (in red) through the sum of the two applied
curve components (G and D).

For the curve fitting procedure with two peaks, an average χ2 of 5.86 and 2.87 were
determined for SiOC without and with graphene respectively. These high values indicate a poor
fit for the spectrum. In an attempt to account for this, curve fitting was performed a second time,
with a second baseline applied in conjunction with the applied curves. This second baseline is
generated by the WiRE 3.4 software and implemented automatically using the first and last points
of the Raman spectrum. Through this method, an average χ2 of 5.07 and 2.59 were determined for
SiOC without and with graphene respectively. While there is some improvement, these values are
still high, indicating that this fitting method is not optimal for the Raman spectra collected.
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4.4.1.2

Curve Fitting of Si-O-C Raman Spectra Using Three Peaks

An example of a typical SiOC Raman spectrum curve fitted with three curves is shown in
Figure 45. Through the three-curve fitting procedure, the Raman spectrum is broken down into
three discriminative bands: D1 (~1330 cm-1), D2 (~1600 cm-1), and a third D3 band, approximately
located at ~1540 cm-1. It was reported that the D3 band is located at 1510 cm-1 in [115, 144],
however in the case of the recorded SiOC without and with graphene spectra, the best fit was
produced when the band was located at 1540 cm-1. Despite this discrepancy, the addition of this
D3 band to the curve fitting process does result in a noticeably improved summation-fit when
compared to the two-curve procedure described in section 4.4.1.1.

Figure 45: Example curve fitting of an SiOC Raman spectrum using 3 curves. The solid line (in
blue) represents the best fit to the experimental data (in red) through the sum of the three applied
curve components (D1, D2, Misc.).
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For the curve fitting procedure with three peaks, an average χ2 of 1.93 and 1.31 were
determined for SiOC without and with graphene respectively. As these values are higher than 1,
indicating that the data has been under-fit, a second round of curve fitting applying a second
baseline to the data was implemented. This resulted in an average χ2 of 0.96 and 0.80 for SiOC
without and with graphene respectively, a significant improvement compared to the
implementation of only one baseline. The application of a second baseline causes these curve fits
to over-fit the data.

4.4.1.3

Curve Fitting of Si-O-C Raman Spectra Using Four Peaks

An example of a typical SiOC Raman spectrum curve fitted with four curves is shown in
Figure 46. Through the four-curve fitting procedure, the Raman spectrum is broken down into four
discriminative bands: D1 (~1350 cm-1), G (~1600 cm-1), D3 (1510 cm-1), and D4 (1245 cm-1). This
procedure was similar to the one outlined by Kouketsu et al. [115] and illustrated in Figure 30(g).
Through this procedure, the D3 curve position is fixed at 1510 cm-1 and the D4 curve position is
fixed at 1245 cm-1. In this curve fitting procedure the broad band located at approximately 1600
cm-1 is treated as a single peak, referred to here as the “G band”, although this terminology is not
used in [115] and is instead substituted with “D2 band”. It was proposed by Kouketsu et al. in
[115] that the lattice vibration mode which attributes to the D2-band is attributed to the same
vibration mode as the G-band (E2g mode), further justifying this naming convention
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Figure 46: Example curve fitting of an SiOC Raman spectrum using 4 curves. The solid line (in
blue) represents the best fit to the experimental data (in red) through the sum of the four applied
curve components (D1, G, D3, D4).
For the curve fitting procedure with four peaks, an average χ2 of 1.12 and 0.93 were
determined for SiOC without and with graphene respectively, both acceptable values for a good
fit. As the χ2 of SiOC was greater than 1, indicating that the data was slightly under-fit, curve
fitting was performed again with the addition of a second baseline in conjunction with the applied
curve. Through this method, an average χ2 of 0.98 and 0.80 were determined for SiOC without and
with graphene, respectively. The addition of a second baseline resulted in significant improvement
of the χ2 of SiOC without graphene equal to 0.98, a difference between 1 and χ2 of only 0.02,
indicating a very good fit for this method. Despite this improvement for SiOC without graphene,
the χ2 of SiOC with graphene through this method was overfit significantly with a value equal to
0.804, a predictable result when considering the χ2 with only one baseline was less than 1,
indicating a small degree of overfitting.
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The curve fitting of the Raman spectrum of SiOC with graphene collected at the highest
(125 MPa) compressive stress just before sample failure did not provide good curve fitting results
utilizing the four curve fit one baseline procedure, with a χ2 of 1.72. This significant underfitting
in the spectrum collected at 125 MPa was due to an increased background recorded between 800
cm-1 and 880 cm-1 Raman shift values (Figure 47), which could not be removed through the one
baseline procedure, which resulted in a higher χ2 value. However, when the four curve fit two
baseline procedure was performed, this increased background was resolved and the χ2 value
improved to 0.98. Therefore, for the Raman spectrum of SiOC with graphene collected at 125
MPa, the two baseline procedure was used in both the one and two baseline analysis methods.

Figure 47: SiOC with graphene Raman spectra at the Lowest 12.5 MPa and Highest 125 MPa
stress levels. A red box was added around the 800 – 880 cm-1 region of increased background of
for emphasis.
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The curve fitting procedures implementing one baseline for curve fitting of SiOC with
graphene tested at all other stress levels (12.5 MPa to 112.5 MPa) did not experience any form of
increased background in this 800 cm-1 to 880 cm-1 range and the one baseline procedure produced
results with χ2 values close to 1. When implementing the four curve fit two baseline procedure for
the spectrum recorded at 125 MPa compressive stress, a new average χ2 of 0.86 (Table 3) was
determined for the four curve method implementing one baseline.
4.4.1.4

Curve Fitting of Si-O-C Raman Spectra Using Five Peaks

An example of a typical SiOC Raman spectrum curve fitted with five curves is shown in
Figure 48. Through the five-peak fitting procedure, the Raman spectrum is broken down into five
discriminative bands: D1 (~1350 cm-1), D2 (~1620 cm-1), D3 (~1510 cm-1), D4 (1245 cm-1), and
G (~1580 cm-1), where the peak around 1600 cm-1 has been decomposed into G and D2-bands.
Through this method, the D4 peak position is fixed at 1245 cm-1. This method was outlined by
Kouketsu et al. [115] and illustrated in Figure 30(e). In order to determine if the fixing of the D4
peak position provides appropriate results, curve fitting was performed with and without fixing
this band for comparison.
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Figure 48: Example curve fitting of an SiOC Raman spectrum using 5 curves. The solid line (in
blue) represents the best fit to the experimental data (in red) through the sum of the five applied
curve components (G, D1, D2, D3, D4).

For the curve fitting procedure with five peaks, an average χ2 of 0.90 and 0.84 were
determined for SiOC without and with graphene, respectively, when the D4 peak position was
fixed at 1245 cm-1 during curve fitting. For comparison, an average χ2 of 0.87 and 0.84 were
determined for SiOC without and with graphene, respectively, when the D4 peak position was left
free for optimization during curve fitting. The decreased χ2 values when the D4 peak is left free
indicated that fixing the D4 peak is an appropriate procedure for the curve fitting of these Raman
spectra, as reported in [115]. For consistency with previous procedures, curve fitting was also
implemented with a second baseline applied. This procedure resulted in an average χ2 of 0.71 and
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0.71 for SiOC without graphene with the D4 peak locked and unlocked, respectively. An average
χ2 of 0.69 and 0.70 were found for SiOC with graphene with the D4 peak locked and unlocked,
respectively. These lessened χ2 values indicate that the application of a second baseline resulted in
significant overfitting, an expected result as the χ2 value before the application of a second baseline
was less than 1. The χ2 values obtained by the curve fitting of the Raman spectra of SiOC without
and with graphene using 2, 3, 4, and 5 curve procedures are presented in Table 3. Average χ2 value
for each procedure was calculated by performing the specified curve fitting procedure on the
Raman spectra of both SiOC without and with graphene and taking the average of all χ2 values
obtained through curve fitting at each compressive stress level.
Table 3: Average χ2 value of the two, three, four, and five curve fitting methods for SiOC
without and with graphene implementing one and two baselines.
Sample:
SiOC With Graphene (1 Baseline)
SiOC Without Graphene (1 Baseline)
SiOC With Graphene (2 Baselines)
SiOC Without Graphene (2 Baselines)

2 Curves
2.87±0.51
5.86±1.85
2.59±0.32
5.07±1.56

3 Curves
1.31±0.37
1.93±0.41
0.80±0.09
0.96±0.10

4 Curves
0.86±0.07
1.12±0.19
0.80±0.07
0.98±0.13

5 Curves
0.84±0.28
0.87±0.12
0.70±0.06
0.71±0.04

5 Curves
(D4 locked)
0.84±0.28
0.90±0.13
0.69±0.06
0.71±0.04

As one can see from table 3, the average χ2 value was closest to one when the four curve
fitting procedure was applied, with a χ2 value of 0.985 with two baselines and a χ2 value 0.860
with one baseline respectively, compared to the most appropriate two curve (5.077 without
graphene, 2.591 with graphene), three curve (0.967 without graphene, 0.809 with graphene), and
five curve (0.907 without graphene, 0.846 with graphene) methods. This indicates that the curve
fitting procedure where four peaks are curve fit was the most appropriate and provided the best fit
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for the collected Raman spectra for SiOC both without and with graphene. The curve fitting results
of the four curve fitting procedure applied to in-situ recorded SiOC without and with graphene
Raman spectra at varying stress levels are presented below with all other curve fitting data
presented in Appendix A.

4.4.2 Raman Spectra Peaks of Si-O-C as a Function of Applied Compressive Stress
In-situ Raman spectra of SiOC ceramics without and with graphene additive collected
during uniaxial compression at different stress levels are presented in Figure 49. SiOC without
graphene Raman spectra are presented for every other stress level for consistency, with all stacked
Raman spectra presented in Appendix A. From these stacked graphs, it appeared that there is a
decrease in the intensity and broadening of the Raman peaks as compressive stress is applied to
the SiOC ceramic without graphene, especially noticeable when comparing the lowest 4.1 MPa
and highest 217.3 MPa stress levels, but even at 120.7 MPa this broadening and decrease in peak
intensity is already significant (Figure 49). However, the spectra of SiOC ceramic with graphene
does not show such visible pronounced intensity decrease and peak broadening as compared to
SiOC ceramic without graphene. In order to attain more detailed information about the Raman
peak parameters, such as the total change in peak intensity, peak area, peak position, and FWHM
as a function of increasing compressive stress, curve fitting was performed through the methods
described in section 4.4.1.3. Curve fitting will allow the determination of small peak shifts that are
not clearly visible in the stacked Raman spectra as they represent rather small changes. The peak
position shift is an important spectroscopic parameter as it allows the determination of the
piezospectroscopic coefficient of the material when plotted as a function of compressive stress. In
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addition, the ratio of the intensity of the D and G bands, or ID/IG ratio, (here named ID1/IG), can be
calculated to determine if there are changes in the disorder of the carbonaceous domains within
the SiOC matrix.

Figure 49: A) Offset Raman spectra of SiOC without graphene. B) Offset Raman spectra of
SiOC with graphene. The dashed lines in both plots are placed vertically from the position of the
D and G bands in the Raman spectrum at the lowest stress level.

The peak intensity, peak area, peak position, and FWHM for D1, G, D3, and D4 Raman
bands of SiOC ceramics without and with graphene were obtained through the curve fitting
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procedures discussed in section 4.4.1.3 in order to see how they change as a function of applied
compressive stress and to determine if the addition of a graphene phase results in any strengthening
during loading of SiOC PDC. Intensity ratio ID1/IG was calculated using the peak intensities of the
D1 and G bands in order to determine any change in the total degree of disorder of the carbon
domains within the SiOC matrix as compressive stress was applied. The plots of peak intensity vs
applied compressive stress, peak area vs applied compressive stress, peak position vs applied
compressive stress, and FWHM vs applied compressive stress, as calculated using the four curve
fitting procedure of SiOC without graphene, are presented in Figure 50, 52, 53, and 54. Similar
plots of four curve fitting parameters as a function of applied compressive stress for SiOC with
graphene phase are presented in Figures 55, 57, 58, and 59. The plots of peak intensity vs applied
compressive stress, peak position vs applied compressive stress, and FWHM vs applied
compressive stress for SiOC with and without graphene produced for the two, three, and five curve
fitting procedures described in section 4.4.1 are presented in Appendix A.
The peak intensity of the D1, G, D3, and D4 bands of SiOC without graphene plotted as a
function of applied compressive stress is presented in Figure 50. As one can see from Figure 49,
at low applied stress values there is a small increase in intensity for all four bands, however
between the initial 4.1 MPa and final 217.3 MPa applied compressive stress there is a significant
reduction in intensity for all four bands of the Raman spectra, with the D1 band decreasing 53.59%,
the G band decreasing 51.66%, the D3 band decreasing 43.03%, and the D4 band decreasing
36.12%.
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Figure 50: Peak intensity of the D1, G, D3, and D4 bands of SiOC without graphene vs applied
compressive stress.

ID1/IG was calculated by dividing the intensity of the D1 band by the intensity of the G band
[103, 108, 109, 123, 145], with ID1/IG of SiOC without graphene plotted as a function of applied
compressive stress presented in Figure 51. While there is a significant reduction in intensity of the
D1 and G bands, there is only a minor reduction in ID1/IG ratio, from 1.134 at the lowest stress
level 4.1 MPa to 1.129 at the highest stress level 217.3 MPa. The ID1/IG ratio remains fairly
consistent between each applied compressive stress level, with a standard deviation of 0.017, with
this consistent intensity ratio indicating that there is no significant change in the total degree of
disorder as compressive stress is increased [108, 145].
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Figure 51: Intensity ratio of the D1 and G bands of SiOC without graphene as a function of
applied compressive stress.

The peak area of the D1, G, D3, and D4 bands of SiOC without graphene plotted as a
function of applied compressive stress (Figure 52) appear very similar to the previously described
peak intensity as a function of applied compressive stress plots (Figure 50), repeating the same
general trends. This is an expected result as peak intensity and peak area are widely known to be
closely related, with some publications using the two parameters interchangeably for analysis, such
as using peak area in the calculation of ID/IG [106, 109, 123]. Each of the four bands display a
small increase in peak area at low stress levels before decreasing as further stress is applied. As
compressive stress further increases, there is a decreasing trend in peak area values for all four
bands. Between the initial 4.1 MPa and final 217.3 MPa applied compressive stress there is a
significant reduction in area values, with the D1 band decreasing 55.13%, the G band decreasing
47.54%, the D3 band decreasing 40.17%, and the D4 band decreasing 33.89%.
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Figure 52: Peak area of the D1, G, D3, and D4 bands of SiOC without graphene vs applied
compressive stress

Peak position shift of Raman bands is one of the important parameters, which allows the
use of piezospectroscopy [146], where piezospectroscopy refers to the analysis of stress sensitive
Raman peak shift occurring during applied compressive or tensile loading to determine
information about stress transfer within the material [147]. The peak shift of Raman active bands
is connected to the applied or residual stress by Equation 2 [146-149]:
𝛥𝜈 = 𝛱𝑖𝑗 𝜎𝑖𝑗

(2)

Where 𝛥𝜈 represents the Raman peak shift, 𝜎ij represents the applied stress, and 𝛱ij is the
piezospectroscopic coefficient. The piezospectroscopic coefficient measures the stress
sensitivity of a tested material by relating the peak position shift of its Raman bands with
stresses applied. The piezospectroscopic coefficient is typically calculated through the slope of
the peak shift vs applied compressive stress plot and provides insight into how efficiently the
material will transfer stress [149-151].
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In order to determine the piezospectroscopic coefficients, the peak positions of the D1, G,
D3, and D4 bands of SiOC without graphene plotted as a function of applied compressive stress
(Figure 53). The peak positions of the D3 and D4 bands are fixed, therefore they do not show
dependence on the applied stress in Figure 53. Both the D1 and G bands show a clear trend of
increasing peak position as increased compressive stress is applied, where shift towards higher
wavenumbers is known as a “blue shift” and a shift to lower wavenumbers is known as a “red
shift” [152]. Blue shift is typical for the D and G bands of carbonaceous materials when
compressive stress is applied, as the atoms within the carbon nanodomains within the SiOC matrix
move closer together resulting in higher wavenumber values [153-155].

Figure 53: Peak position of the D1, G, D3, and D4 bands of SiOC without graphene vs applied
compressive stress.

The piezospectroscopic coefficients of the D1 and G bands found in SiOC without
graphene were determined to be 31.538 cm-1/GPa and 10.994 cm-1/GPa respectively. Detailed
piezospectroscopy experiments on SiOC PDC have not been published to the best of my
knowledge, however, comparison with carbon-based materials can be performed, with a variety of
materials piezospectroscopic coefficients listed in Table 4. Reports of the piezospectroscopic
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coefficient of carbon-based materials typically focus on the Raman peak located around the 1580
– 1600 cm-1 wavenumber, which characterizes an E2g vibration mode.
Table 4: Piezospectroscopic Coefficients of the peak located at Raman shift 1580 – 1600 cm-1 of
a variety of carbonaceous material

Material
SiOC without graphene
SiOC with graphene
Graphite [156]
Graphite Oxide [157]
Highly Oriented Pyrolytic Graphite [158]
Graphene [159]
Exfoliated Graphene [160]
Monolayer Graphene [161]
Unsupported Monolayer Graphene [162]
Single Wall Carbon Nanotubes [163]
Tetrahedral Amorphous Carbon [164]

Piezospectroscopic
Coefficient (cm-1 / GPa)
10.9
-10.2
4.7
3.8
4.1
7.47
7.4
9 – 10.5
5.4
10.1 ± 1.2
4.1 ± 0.5

The piezospectroscopic coefficient of the G band of SiOC without graphene was calculated
to be 10.994 cm-1/GPa, a relatively high value when compared to other carbon-based materials
[156-164]. As seen in Table 4, there is considerable variance between the piezospectroscopic
coefficients of carbon-based materials, with the most comparable piezospectroscopic coefficient
to the reported SiOC without graphene being that of monolayer graphene, with values in the range
of 9-10.5 cm-1/GPa [161]. The piezospectroscopic coefficients of the D1 band of SiOC without
and with graphene were calculated as 31.538 cm-1/GPa and 6.341 cm-1/GPa, respectively, but no
published data were identified to make a meaningful comparison.
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The FWHM of the D1, G, D3, and D4 bands of SiOC without graphene plotted as a function
of applied compressive stress is presented in Figure 54. Each of the four bands display an
increasing trend in FWHM as compressive stress is applied, with the G band showing the clearest
increasing trend with increasing stress. This increasing FWHM for each of the four bands is
indicative of the broadening of all peaks, which can be attributed to an increase in strain and
disorder within the material as a result of the applied compressive stress [108, 119, 165]. In
addition, an increase in the FWHM of all Raman bands indicates that the strain throughout the
material is becoming more heterogeneous as applied stress is increased [127].

Figure 54: Full width at half max of the D1, G, D3, and D4 bands of SiOC without graphene vs
applied compressive stress.

The peak intensity of the D1, G, D3, and D4 bands of SiOC with graphene plotted as a
function of applied compressive stress are presented in Figure 55. Each of the four bands
experiences a decrease in intensity at low stress levels, with the D1 and D3 bands then increasing
in intensity roughly to their original value as compressive stress is increased, with a difference
between the lowest 12.5 MPa stress and highest 125 MPa stress peak intensities of just 0.6 % and
1.9% for the D1 and D3 bands respectively. The G and D4 bands of SiOC with graphene do not
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fully recover from this reduction in intensity, with a decrease between the lowest and highest stress
peak intensities of 11.2% and 14.2% for the G and D4 bands respectively.

Figure 55: Peak intensity of the D1, G, D3, and D4 bands of SiOC with graphene vs applied
compressive stress.

The ratio of the intensity of the D1 and G bands of SiOC with graphene plotted as a function
of applied compressive stress is presented in Figure 56. As applied compressive stress increases
there is a clear increase in ID1/IG ratio, with a standard deviation of 0.062, almost four times that
of SiOC without graphene, with the increase in ID1/IG ratio reflected in the lowered intensity values
of the G band as compared to the D1 band previously presented in Figure 55. At the lowest 12.5
MPa stress level, ID1/IG has a value of 1.12, with this value increasing to 1.25 at the highest 125
MPa stress level, an increase of 11.6%. This increase in ID1/IG indicates an increase in the total
disorder of the material as compressive stress is applied [166], indicating that the addition of
graphene to the SiOC ceramic matrix resulted in the material becoming more susceptible to an
increased number of structural defects under applied compressive loading [108, 167].
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Figure 56: Intensity ratio of the D1 and G bands of SiOC with graphene vs applied compressive
stress.

The peak area of the D1, G, D3, and D4 bands of SiOC with graphene plotted as a function
of applied compressive stress (Figure 57) appear similar to the previously described peak intensity
as a function of applied compressive stress plots (Figure 55), repeating the same general trends,
similar to the peak intensity and peak area of the D1, G, D3, and D4 bands of SiOC without
graphene as a function of stress described above (Figure 50 and 52). Each of the four bands shows
an initial decrease in peak area values, with the D1 and D3 bands then increasing to a peak area
roughly equivalent to their initial recorded values, with a difference between the lowest 12.5 MPa
stress and highest 125 MPa stress peak areas of 6.3% and 2.0% for the D1 and D3 bands
respectively. As was the case in the peak intensity of the G and D4 bands of SiOC with graphene,
the G and D4 peak area does not recover from this initial reduction in area, with a decrease between
the lowest and highest stress peak areas of 18.6% and 15.6% for the G and D4 bands respectively.
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Figure 57: Peak area of the D1, G, D3, and D4 bands of SiOC with graphene vs applied
compressive stress.

The peak positions of the D1, G, D3, and D4 bands of SiOC with graphene plotted as a
function of applied compressive stress are presented in Figure 58. The peak positions of the D3
and D4 bands were fixed, so they do not show any dependence on the applied stress in Figure 58.
As applied compressive stress increased during SiOC-graphene composite loading, the D1 band
experienced a slight shift towards higher wavenumbers, from an initial value of 1338.22 cm-1 to a
final value of 1339.15 cm-1, while the G band experienced a slight shift towards lower
wavenumbers, from an initial value of 1595.54 cm-1 to a final value of 1594.85 cm-1. The
piezospectroscopic coefficients of the D1 and G bands of SiOC with graphene were determined to
be 6.341cm-1/GPa and -10.269 cm-1/GPa for D1 and G, respectively. The piezospectroscopic
coefficient of the D1 band of SiOC with graphene is significantly lower than that of SiOC without
graphene, which had a piezospectroscopic coefficient of 31.548 cm-1/GPa. The reason for the
change to a negative value in the G band of SiOC with graphene is unknown and more research is
required to clarify the nature of such difference.
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Figure 58: Peak position of the D1, G, D3, and D4 bands of SiOC with graphene vs applied
compressive stress.

The FWHM of SiOC with graphene Raman spectra plotted as a function of stress is
presented in Figure 57. As stress increases the FWHM of each band have little variation, with a
difference in peak area at the lowest 12.5 MPa and the highest 125 MPa compressive stress of
3.3% for the D1 band, 2.6% for the G band, 3.3% for the D3 band, and 1.1% for the D4 band. In
addition, the standard deviation in FWHM for each band was below 5%. Such consistent FWHM
as compressive load is increased for each of the four bands is indicative of a consistent strain
distribution throughout the material [127].

Figure 59: Full width at half max of the D1, G, D3, and D4 bands of SiOC with graphene vs
applied compressive stress.
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CHAPTER 5: CONCLUSIONS
Silicon oxycarbide polymer derived ceramics without and with graphene were produced
through the replica templating method. SiOC without graphene was produced through the
pyrolysis of SiOC/PVA green bodies, where these green bodies were produced by infiltrating a
liquid SiOC preceramic polymer into a clean preshaped PVA foam. SiOC with graphene was
produced through the pyrolysis of SiOC/GO/PVA green bodies, where graphene was added
through the immersion of the preshaped PVA foam into a GO-ethanol dispersion before the
infiltration of the liquid SiOC preceramic polymer. Produced SiOC PDC were machined into 2mm
x 2mm x 4mm samples for uniaxial compression and in-situ Raman spectroscopy tests.
Compressive strength was determined for SiOC without and with graphene samples tested
with zero dwell time until fracture occurred. In addition, two SiOC samples were tested with a
200s dwell time during compressive loading applied at every 12.5 MPa loading step to determine
the time dependent behavior of the samples and to provide the necessary time to collect Raman
spectra. Compressive strength of SiOC without and with graphene, when tested with zero dwell
time, were calculated to be 165.65 ± 54.21 MPa and 163 ± 24.2 MPa, respectively. The
compressive strength of selected SiOC without and with graphene samples tested with 200s dwell
times was measured to be 228.97 MPa and 186.42 MPa, respectively. Weibull statistical analysis
was performed on the obtained compressive data of SiOC samples tested with zero dwell time in
order to determine the probability of failure of SiOC without and with graphene, with a Weibull
modulus for SiOC without and with graphene of 3.46 and 7.71 respectively, and their characteristic
strengths calculated to be 190.41 MPa and 178.73 MPa respectively.
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Raman spectra were collected in-situ for some SiOC without and with graphene samples
during the 200s dwell times implemented at every 12.5 MPa step. The collected stress dependent
Raman spectra were analyzed through standard curve fitting procedures to determine the spectral
parameters of the graphitic carbon nanodomains present within SiOC. Peak parameters of the four
applied bands, (D1, G, D3, D4), such as peak intensity, peak area, peak position, and FWHM, were
then analyzed as a function of stress in order to determine their parameters. The Raman spectra of
SiOC without graphene exhibited a consistent decrease in peak intensity and peak area, while peak
position shifted to higher wavenumbers and FWHM increased slightly as the applied stress
increased. Such material’s behavior is fairly consistent with the effect compressive stresses have
on the spectral vibrational response, where a decrease in the peak intensity, broadening of the
peaks, and a shift of the peak position to a higher wavenumber is indicative of the presence of
imposed compressive strain in SiOC ceramics during compressive loading. In addition, the ratio
of intensity of the D1 and G bands, (ID1/IG), remained fairly constant, indicating that there is no
significant increase in the degree of disorder within the material’s graphitic carbon nanodomains
when increasing compressive load was applied. The piezospectroscopic coefficients of the D1 and
G band of SiOC without graphene were determined to be equal to 31.538 cm-1/GPa and 10.994
cm-1/GPa, respectively.
Unlike the spectral behavior of Raman bands of SiOC without graphene, the Raman spectra
of SiOC with graphene showed very little, if any, stress dependence of peak intensity and peak
area for all four fitted bands (D1, G, D3, D4). The peak position of the D1 band experiences a
slight increase in wavenumber and a slight increase in peak area, while the peak position of the G
band experiences a slight decrease in wavenumber and slight decrease in peak area. The peak
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position of the D3 and D4 bands is fixed, and therefore shows no dependence on applied stress.
The peak area of the D3 band shows a slight increase, while the D4 band peak area shows a slight
decrease. The FWHM of each band increased slightly as applied compressive stress was increased.
The ID1/IG ratio of SiOC with graphene gradually increased, indicating that the addition of
graphene to SiOC PDC results in an increase in the degree of disorder within the material’s carbon
nanodomains as applied compressive loading increases. The piezospectroscopic coefficients of the
D1 and G bands of SiOC with graphene were determined to be equal to 6.341cm-1/GPa and -10.269
cm-1/GPa, respectively.
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APPENDIX A: RAMAN SPECTROSCOPY DATA
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Figure 60: Stacked Raman graphs for SiOC without graphene toughening
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Table 5:SiOC Without Graphene χ2 Values Implementing One Baseline
17
50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
Average
± from 1

2 curve
3 curve
4 curve lock 5 curve manual
5 curve lock
8.56
2.404
1.422
1.088
1.167
8.7
2.317
1.157
0.833
0.878
7.842
2.597
1.492
1.001
1.088
9.144
2.595
1.311
0.923
1.02
6.992
2.354
1.283
0.895
0.963
5.728
1.632
1.171
0.851
0.882
7.603
2.146
1.371
0.984
1.054
6.817
1.886
1.216
0.813
0.863
5.721
1.494
1.051
0.74
0.744
5.683
2.299
1.165
1.05
1.026
5.052
1.576
0.927
0.687
0.708
4.957
1.543
1.045
0.732
0.76
5.652
2.031
1.181
0.994
1.015
3.837
1.187
0.85
0.707
0.729
4.149
2.05
1.102
1.037
1.01
3.952
1.696
0.985
0.825
0.892
4.031
1.85
0.915
0.845
0.868
3.338
1.503
0.895
0.788
0.813
3.692
1.557
0.9
0.764
0.759
5.865789 1.932474 1.128368421 0.8714211 0.907315789
4.865789 0.932474 0.128368421 -0.128579 -0.092684211
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Table 6: SiOC Without Graphene Two Baseline χ2 Values Implementing Two Baselines
17
50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
Average
± from 1

2 curve
3 curve
4 curve lock 5 curve manual 5 curve lock
7.48
1.166
1.11
0.793
0.796
7.39
1.1
1.12
0.746
0.745
7.123
1.103
1.173
0.699
0.699
7.628
1.121
1.197
0.796
0.802
5.8
1.006
1.123
0.695
0.693
5.247
1.019
1.067
0.763
0.764
6.105
1.017
1.081
0.733
0.735
5.993
0.9662
1.046
0.671
0.672
5.318
1.05
1.052
0.743
0.744
4.919
0.908
0.919
0.721
0.723
4.552
0.941
0.903
0.664
0.665
4.478
0.92
0.99
0.676
0.676
4.479
0.914
0.922
0.709
0.712
3.59
0.759
0.778
0.632
0.672
3.291
0.875
0.866
0.67
0.659
3.483
0.896
0.866
0.726
0.725
3.387
0.93
0.873
0.736
0.733
2.947
0.832
0.813
0.683
0.682
3.259
0.85
0.829
0.682
0.683
5.077316 0.967011 0.985684211 0.712526316 0.71473684
4.077316 -0.03299 -0.014315789 -0.287473684 -0.2852632
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Table 7: SiOC With Graphene χ2 Values Implementing One Baseline

50
100
150
200
250
300
350
400
450
500
Average
± from 1

2 curves
3 curves 4 curves lock 5 curve manual 5 curve lock
3.077
0.997
0.753
0.675
0.671
2.561
0.951
0.775
0.685
0.684
2.61
1.36
0.872
0.82
0.814
2.622
1.2
0.831
0.748
0.752
2.79
1.302
0.814
0.743
0.734
2.53
1.277
0.904
0.824
0.839
2.827 1.4459
0.962
0.839
0.861
2.784
1.144
0.856
0.748
0.752
2.691
1.202
0.858
0.723
0.734
4.257
2.3
0.98
1.642
1.627
2.8749 1.31789
1.8749 0.31789

0.8605
-0.1395

0.8447
-0.1553

0.8468
-0.1532

Table 8: SiOC With Graphene χ2 Values Implementing Two Baselines
50
100
150
200
250
300
350
400
450
500
Average
± from 1

2 curves
3 curves 4 curves lock 5 curve manual 5 curve lock
2.9768 0.771
0.7632
0.676
0.672
2.492 0.777
0.775
0.685
0.684
2.277 0.741
0.743
0.656
0.655
2.451 0.782
0.777
0.696
0.695
2.5 0.742
0.745
0.656
0.655
2.25 0.757
0.767
0.662
0.659
2.491 0.862
0.876
0.74
0.736
2.624
0.78
0.78
0.666
0.665
2.517 0.841
0.836
0.711
0.707
3.338
1.04
0.98
0.86
0.858
2.59168 0.8093
1.59168 -0.1907

0.80422
-0.19578
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Figure 61: SiOC Without Graphene Curve Fitting Implementing Two Curves Results
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Figure 62: SiOC Without Graphene Curve Fitting Implementing Three Curves Results
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Figure 63: SiOC Without Graphene Curve Fitting Implementing Five Curves Results
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Table 9: SiOC with graphene toughening recorded strength values
Sample
Max Stress (MPa) ln (σc)
83P-1-1
125.6766169 4.833712
83P-1-3
113.0546761 4.727872
83P-1-9
155.9330328 5.049427
83P-2-11
132.9423858 4.889916
83P-2-12
127.9431024 4.851586
83P-2-13
203.9413706 5.317833
83P-2-14
186.0024649 5.22576
83P-2-15
179.8059694 5.191878
83P-2-16
198.9515214 5.293061
83P-2-17
158.3347094 5.064711
83P-2-18
192.1529639 5.258292
83P-2-19
167.9873012 5.123888
83P-2-20
197.9640404 5.288085
83P-4-21
167.7581027 5.122523
83P-4-22
171.9546644 5.147231
83P-4-23
170.5076607 5.13878
83P-4-24
143.2398928 4.964521
83P-4-25
164.9602027 5.105704
83P-4-26
186.1190643 5.226387
83P-4-27
166.5806709 5.11548
83P-4-28
162.5749628 5.091139
83P-4-29
195.7660116 5.27692
83P-4-30
179.6840515
5.1912
83P-5-32
163.6325 5.097623
83P-5-33
148.6258545 5.001432
83P-5-34
193.0710068 5.263058
83P-5-35
157.5163728 5.059529
83P-5-36
196.5783266 5.281061
83P-5-37
154.0891265 5.037531
83P-5-38
160.142402 5.076063
83P-5-39
100.3465439 4.60863
83P-5-40
197.7515226 5.287011
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Table 10: SiOC without graphene toughening compressive testing data values. Samples 19, 20,
and 22 all had noticeable defects as a result of their machining process resulting in greatly
reduced strengths and were therefore excluded from data analysis.
Sample #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Dwell Time
Seconds
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
200
200

Max Stress
Density
Test Time
Mpa
grams/cm^3
Seconds
204.3761513
1.483
69.90
185.8723273
1.445
64.00
194.2656075
1.478
66.45
155.2456225
1.494
74.20
214.2110833
1.517
73.65
91.38658598
1.333
31.05
107.614496
1.459
33.55
122.5213535
1.467
42.90
298.0398429
1.511
102.35
204.3172401
1.478
70.35
171.5515299
1.412
59.25
89.47882526
1.408
30.35
118.7546618
1.436
40.00
220.3108249
1.474
75.50
241.5844483
1.490
84.00
217.1033401
1.471
75.20
228.0414145
1.468
79.25
159.0209668
1.414
54.80
47.80873569
1.231
16.70
22.50639457
0.996
7.55
212.690073
1.465
72.30
31.02071452
1.020
10.40
99.97919948
1.352
34.15
169.3677651
1.444
58.00
123.2567497
1.472
41.50
140.4766196
1.391
48.20
98.82603251
1.407
33.25
122.0567083
1.358
42.00
113.2386722
1.350
39.10
169.0761102
1.473
58.05
228.977684
1.494 3712.45
115.3852649
1.012 1841.85
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Table 11: Weibull values for SiOC without graphene toughening samples
Max strength (σc) (MPa)
89.47882526
91.38658598
98.82603251
99.97919948
106.9421237
107.614496
108.5179226
113.2386722
140.4766196
155.2456225
159.0209668
169.0761102
169.3677651
171.5515299
180.2961531
185.8723273
194.2656075
204.3172401
204.3761513
212.690073
214.2110833
217.1033401
220.3108249
228.0414145
228.977684
241.5844483
298.0398429

ln (σc)
##
4.494002008
4.515098706
4.593361057
4.604962159
4.672287788
4.67855536
4.686915345
4.729497734
4.945041066
5.045008524
5.06903606
5.13034897
5.132072476
5.144883687
5.194600794
5.225060025
5.269226333
5.319673884
5.319962175
5.35983605
5.366961899
5.380373462
5.39503939
5.429527255
5.433624549
5.487219094
5.697227179

F
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
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0.018518519
0.055555556
0.092592593
0.12962963
0.166666667
0.203703704
0.240740741
0.277777778
0.314814815
0.351851852
0.388888889
0.425925926
0.462962963
0.5
0.537037037
0.574074074
0.611111111
0.648148148
0.685185185
0.722222222
0.759259259
0.796296296
0.833333333
0.87037037
0.907407407
0.944444444
0.981481481

1/(1-F)
1.018868
1.058824
1.102041
1.148936
1.2
1.255814
1.317073
1.384615
1.459459
1.542857
1.636364
1.741935
1.862069
2
2.16
2.347826
2.571429
2.842105
3.176471
3.6
4.153846
4.909091
6
7.714286
10.8
18
54

ln(ln(1/1-F))
-3.979652538
-2.861928676
-2.331357595
-1.974458694
-1.701983355
-1.479357771
-1.289487194
-1.122631247
-0.972686141
-0.835549841
-0.708308566
-0.588792855
-0.475316571
-0.366512921
-0.261224226
-0.158421652
-0.05714024
0.043581448
0.144767396
0.247589379
0.353494173
0.464418545
0.583198081
0.714455486
0.86690977
1.06138513
1.383536574

Table 12: Weibull values for SiOC with graphene toughening samples
Max strength (σc) (MPa)
100.3465439
125.6766169
127.9431024
132.9423858
143.2398928
148.6258545
154.0891265
155.9330328
157.5163728
158.3347094
160.142402
162.5749628
163.6325
164.9602027
166.5806709
167.7581027
167.9873012
170.5076607
171.9546644
179.6840515
179.8059694
186.0024649
186.1190643
192.1529639
193.0710068
195.7660116
196.5783266
197.7515226
197.9640404
198.9515214
203.9413706

ln (σc)
##
F
1/(1-F)
ln(ln(1/1-F))
4.608629635
1 0.016129 1.0163934 -4.1190151
4.833712075
2 0.048387 1.0508475 -3.0038261
4.851585652
3 0.080645 1.0877193 -2.4759495
4.889915845
4 0.112903 1.1272727 -2.1219216
4.964520797
5 0.145161 1.1698113 -1.8525133
5.001432104
6 0.177419 1.2156863 -1.6331736
5.037531179
7 0.209677 1.2653061 -1.4468341
5.049426638
8 0.241935 1.3191489 -1.2837855
5.059529407
9 0.274194 1.3777778 -1.1379607
5.064711206
10 0.306452 1.4418605 -1.0053016
5.076063432
11 0.33871 1.5121951 -0.8829471
5.091139205
12 0.370968 1.5897436 -0.768792
5.09762306
13 0.403226 1.6756757 -0.6612291
5.105704249
14 0.435484 1.7714286 -0.5589899
5.115479702
15 0.467742 1.8787879 -0.461041
5.122523077
16
0.5
2 -0.3665129
5.123888388
17 0.532258 2.137931 -0.2746493
5.138780226
18 0.564516 2.2962963 -0.1847675
5.147230863
19 0.596774
2.48 -0.0962262
5.191200039
20 0.629032 2.6956522 -0.008395
5.191878322
21 0.66129 2.952381 0.07937659
5.225759926
22 0.693548 3.2631579 0.16779608
5.226386599
23 0.725806 3.6470588 0.25767717
5.258291742
24 0.758065 4.1333333 0.35001172
5.263058032
25 0.790323 4.7692308 0.4460855
5.276920128
26 0.822581 5.6363636 0.54768149
5.281060961
27 0.854839 6.8888889 0.65747327
5.287011306
28 0.887097 8.8571429 0.7798863
5.2880854
29 0.919355
12.4 0.92334439
5.293061184
30 0.951613 20.666667 1.10807474
5.317832553
31 0.983871
62 1.41758331
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